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Recently  both  high  quality  physiological  data and human operator  describing 
f’unction da ta  of low v a r i a b i l i t y  and l a rge  dynamic range have become avai lable .  
The purpose  of t h i s   r e p o r t  i s  t o  model the neuromuscular  system aspects of these 
data using  control  engineering  descriptions of the individual components as well  
as the  .system  functioning of ensembles of these components. I n   p a r t i c u l a r  w e  
a r e   i n t e re s t ed   i n  a neuromuscular  system model which i s  compatible  with the 
input/output data f o r  the whole human in   t r ack ing   s i t ua t ions .  

The component data of interest   include  recent  anatomical and physiological 
data for t h e  muscle spindle and input/output  studies of t h e  muscle. These da ta  
ind ica te   tha t   quas i - l inear  modols  can describe the basic  behzvior of these  two 
elements i n   t r ack ing   t a sks .  T h i s  report   contains two key  developments: (1  ) t h e  
v a r i a t i o n   i n  muscle  system  parameters as a f’unction of average  muscle  tension o r  
operating  point,  and (2)  t h e   r o l e  of t h e  muscle spindle  both as an adaptive 
equalization element and i n  i t s  e f f ec t  on se t t i ng  muscle tone or average  tension. 

The per t inent  whole human data  include the covariation  of  high and low 
frequency  describing  f’unction  phase data and the   va r i a t ion  of  high  frequency 
phase w i t h  se t   t ens ion  changes in te rpre ted  from force  disturbance  experiments. 
Further  the  force  disturbance  data as w e l l  as  tremor  frequency results f o r  
various  spring and ine r t i a   r e s t r a in t s   a r e   a l so   i n f luenced  by muscle tone.  The 
phase data t r ends   a r e   u sed   t o   i l l u s t r a t e   t he  muscle spindle‘s  adaptive  charac- 
ter is t ics   - lead/ lag  ser ies   equal izakion and an  actuation command inpu t   fo r   t he  
f ine  control   of   posi t ion.   Final ly   the  force  dis turbance and tremor  frequency 
data are  used t o  i l l u s t r a t e   t h e   e f f e c t  of   spindle   locat ion,   i .e . ,   the   spindle  
feeds back  an i n t e r i o r  muscle length  instead of t o t a l   l eng th .  This produces 
constraints  on the  closed-loop  system dynamics  which serve to   exp la in   t he  
changes in  the  force  disturbance  response and tremor  frequency  values as muscle 
tone and manipulator  restraints  are  varied.  
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The neuromuscular  system r e f e r r e d   t o  here is the output or actuation  element 

of the  human cont ro l le r .  It i s  a composite  of neural  and  muscular components 

s i tua ted  in the  spinal  cord and the   pe r ipb ry -   t yp ica l ly  a limb and i t s  neural 

connections-operating on commands sen t  from higher   centers .   In   recent   years  an 

ever more rapidly  increasing amount of da ta  on such systems has been generated by 

experimental  psychologists,  physiologists,  neurologists,  biomedical  engineers, 

manual control  engineers,  etc. Sorne of these data  are a l ready   in  a form d i r e c t l y  

su i t ab le   fo r  systems  engineering  interpretation;  other data, w h i l e  n o t   i n  such 

form, are s t i l l  su f f i c i en t ly   s ign i f i can t  t h a t  they must be "explained"  qualita- 

t i v e l y  as consistent  with or derivable from  any m o d e l  advanced as a synthesis.  

Besides providing data, almost a l l  experimenters have a l s o  attempted an 

in te rpre ta t ion .  These in te rpre ta t ions  are usually  confined  to  plausible  expla- 

nations of their  spec i f ic  data. Unfortunately,  such  explanations  for  each of 

severa l  related experiments  involving  various  portions  of the system do not sum 

t o  a plausible  explanation  of the whole. Thus the primary  purpose  of t h i s  report  

i s  to  attempt a new synthesis  of the extant  data by providing models  which are 

compatible  with the over-al l  human operator 's   input/output  characterist ics as 

wel l  as with the individual  components of the  neuromuscular  system. 

We are   interested  in   engineer ing  descr ipt ions of neuromuscular  systems in   t h ree  

respects  : 

ManuELl Control engineering-The  basic dynamics of the human operator and 
the precis ion of  manual cont ro l  are c r i t i c a l l y   l i m i t e d  by the propert ies  
of the neuromuscular  system. A basic  understanding of t h i s  system w i l l  
have impor tan t   p rac t ica l   ramif ica t ions   in   be t te r   apprec ia t ing   these  limi- 
ta t ions ,  as well as i n  determining  the likely e f f e c t s  of cont ro l  system 
nonlinearities  (e.g.,  hysteresis,  backlash, Coulomb f r ic t ion ,   p re load)  on 
pi lot /vehicle   system  s tabi l i ty  and performance. This, in  turn,  should 
ultimately l e a d   t o  a better  understanding of some kinds of pilot-induced 
osc i l la t ions ,  and to   the.establ ishment  of necessary or su f f i c i en t  condi- 
t i o n s   f o r  the i r  elimination. 

Control theoretic-The neuromuscular  system i s  an archetypical  adaptive 
actuat ion system which, if understood  operationally,  might  serve as the 
in sp i r a t ion   fo r  ?nalogous  inanimate  systems w i t h  s imi la r ly   usefu l   p roper t ies .  

Physiological system deecrigtion-systems  engineering  descriptions are a 
na tu ra l  language for   in tegra t ing   the   rap id ly  expanding knowledge of 
b io logica l  servomechanisms,  and serve t o  implement the   i n t e rp re t a t ion  of 
physiological data, construct and va l ida te  models of basic  physiological 
processes, and suggest  further  experimentation. 



The next %wo sect ions  contain summaries of the  component and  system  data 

which must be  "explained"  by, or which provide a bas ic   s t ruc ture  for, any va l id  

neuromuscular system models. The sect ion  ent i t led  "Physiology of the Neuromuscu- 

lar System" describes the physiology of the neuromuscular  system i n  some d e t a i l ,  

thereby  providing  structural   constraints for models,  ,and a l so   p resents   typ ica l  

data  on neuromuscular  system  components. The next  section, "Human Operator Data 

Indicat ing Neuromuscular  System Effects ,"  i s  devoted  pr imari ly   to  a summary of 

some key human operator  data which are espec ia l ly   ind ica t ive  of  neuromuscular 

system  effects.  This  provides  the  over-all  system  data with which candidate 

neuromuscular  system  models  should be compatible. 

Building on this   foundat ion,  the s e c t i o n s   e n t i t l e d  "Neuromuscular  System 

Component  Models f o r  Small Perturbations" and "Closed-Mop  Neuromuscular  System 

Dynamics" are concerned with model development. To start, under  "Neuromuscular 

System Component Models for Small Perturbations," simplified mathematical  models 

f o r  the neuromuscular  system components are evolved. Then these components are 

connected  into a system  structure and i t s  operations f o r  typ ica l   cont ro l  situa- 

t ions  are explored.  Finally,  under "Closed-Loop  Neuromuscular  System  Dynamics," 

t h e   a b i l i t y  of the model t o  account  for the experimental data i s  discussed. 

2 



This  report i s  d i rec ted  toward an  understanding  of  certain  basic data derived 

from s tudies  of the human operator,  and an attempt i s  made t o   i n t e r p r e t  these 
data as consequences of the  physiological and s t ruc tura l   p roper t ies  of those 

pa r t s  of the  brain and musculoskeletal  system whose fea tures  have  been most 

in tens ive ly   s tud ied   in  the last decade.  Although  our knowledge of these sys t em 

is expanding qui te   rapidly,  there are still such enormous gaps that  any  attempt 

a t  synthesis i s  necessarily  incomplete and speculative.  Nevertheless, w e  shall 

show that there  i s  a subs tan t ia l  agreement  and  consistency i n  our present models 

of some physiological component processes and the over-all  behavior of the human 

operator. 

As  a general  scheme, we can view the human operator as a system  operating on 

sensory  input  to  produce a motor output  (fig. 1 ) . Abstractly, we can dis t inguish 

various  sense  modalities whose input is processed by higher  regions of the brain,  

subjecting  input  information  to  various  logical  operations  in  addition  to  equal-  

izat ion  funct ions.  These i n   t u r n  are used i n  the formulation of command s igna ls  

t o  motor e f f ec to r  systems a t  more per ipheral   levels .  It i s  t h i s  last segment 

with which we are primarily  concerned i n  t h i s  report ,  and i n  t h i s  i n i t i a l   s e c t i o n  

we shall summarize the  relevant  physiological data from  which we derive  our  basic 

block  diagram and t o  which our  neuromuscular  system models are directed.  

By "peripheral  neuromuscular  system" we mean the  local  organization of  neurons, 

muscles, skeletal  elements, and associated  sense  organs which are the  basic  func- 

t ional   blocks employed by the  higher   levels  of the nervous  system in  the  execution 

of  motor ac ts   d i rec ted  by i t s  connuand s ignals .  For reasons which w i l l  become  more 

c l e a r  later,  we have shown i n   f i g u r e  1 two d i s t inc t   c l a s ses  of command s ignals  

(ac and yC) a r r iv ing  a t  the per ipheral  neuromuscular l eve l .  we shall not  be 

primarily concerned w i t h  these s ignals ,  which are assumed t o  be appropr ia te   to  

the sensory  input and desired motor output (ref. 97) ; rather, we shall de ta i l  the 

components of the box labeled  "peripheral  neuromuscular  system,"  which, as a 

protorype, we shall assume to  operate  f rom a r e s t r l c t e d   l e v e l  of the spinal  cord. 

In the following  subsection we discuss  the muscle actuat ion system, s t a r t i n g  

with the propert ies  of i t s  basic  component, the motor unit. This i s  followed by 

the basic physiology  of the muscle. Finally,  the operation  of an open-loop 

3 
1 



I Forcing 
Function r """- -1 

I 
Visual - 

I 
I I 

Channel 
Selection I 

Mode I Switching Motor Peripheral 

i 1 - Proprioceptive Command  Neuromuscular - Controlled I Element 

I 

Centers Equalization System - 
L U - Vestibular Sequencing 

I 
I 
I 
I 

SENSORY 
CHANNELS 

I 

HIGHER BRAIN STRUCTURES 
(Cortex, Cerebellum,  etc) 

Figure 1 . Generalized  Man/Machine System 



muscle  control  is  described. In the  next  subsection,  "Closed-Loop  Neuromuscular 

Control  Systems," we consider  closed-loop  neuromuscular  control  systems;  specif- 
ically,  the  necessary  muscle  spindle  and  Golgi  tendon  organ  feedbacks  as well as 
the  interconnections  through  the  spinal  cord.  The  stretch  reflex  illustrates 
the  closed-loop  functioning of the  system.  Finally,  this  subsection  concludes 

with  an  example  of  the  neuromuscular  control of respiration  which  illustrates 
the  coordinated  flmctibning of all the  elements.  This  leads  to  a  typical  manual 

control  system  block  diagram  for  a  hypothetical  agonist/antagonist  muscle  pair. 

Basic Anatomical and mvlctional Features of Muscle 

Motor  units.-The  basic  element  for  modification  of  skeletal  muscle  tension 
or length  is  the  motor  unit  (fig. 2). This  consists of a  single  motor  neuron  in 
the  spinal  cord,  the  axon  through  which  it  transmits  impulses  to  the  periphery, 
and  all  muscle  fibers  to  which  the  axon is connected. As the  motor  axon  reaches 
the  muscle  it  innervates,  it  divides  into  multiple  branches, or collaterals,  each 
of  which  makes  contact  with  a  single  muscle  fiber;  conversely,  each  muscle  fiber 
is activated  by  only  one  input  axon.  The  region  at  which  the  axon  makes  contact 
with  the  muscle  fibers  is  called  the  "motor  end-plate" or ltneuromuscular  junction" 
(fig. 3 ) .  This  is  a  region of  very  small  dimensions  (a  few  square  microns)  where 
the  membranes of the  axon  and  the  muscle  come  into  very  close  contact. 

Upon  reaching  the  end-plate,  a  pulse  traveling  from  the  motor  cell  in  the 
cord  down  the  axon  to  the  muscle  triggers  the  release of a  minute  quantity of a 

chemical  agent,  stored  at  the  end-plate,  which  diffuses  across  the  junction  to 
react  with  the  muscle  fiber  membrane  in  such  a  way  as  to  initiate  a  comparable 
pulse  in  the  muscle. By a  process  that  is  not well understood,  this  electrical 
pulse, or sudden  depolarization  sweeping  across  the  muscle  membrane,  triggers  a 

set  of  energy-releasing  chemical  reactions  in  the  muscle  protein  which  cause 

contraction or development of tension. Thus, each  unitary  (pulse)  event  in  the 
motor  neuron  elicits  a  unitary  mechanical  response  in  every  muscle  cell it- 
reaches;  the  response  is  called  the  "muscle  twitch."  Like  the  electrical  pulse, 

it  is  all-or-none,  i.e.,  it  is  basically  an  invariant  quantized  event.  Each 
muscle  fiber  contributes  its  individual  twitch  response to the  summated  over-all 
response of the  motor  unit. 
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A generalized.tension.time plot of a  twitch  response can  be  seen  in  figure 4, 
but  considerable  differences  in  its  details will  be  manifested  between  different 

motor  units.  These  arise  because  a  motor  neuron  does  not  always  innervate  the 

same  number of muscle  fibers,  nor  do  individual  muscle  fibers  necessarily  generate 

twitches  with  the  same  amplitude or time  course.  Indeed,  it  is  this  variability 

in  the  size of the  motor  unit  and  the  details of its  unitary  events  that  contribute 

to  the  richness  and  complexity of neuromuscular  control.  This will be  discussed 

in  more  detail  later. 

If a  sequence  of  impulses  reaches  the  muscle  fiber  each  impulse will trigger 

a  twitch  response,  and  if  the  impulses  are  close  enough  together  in  time  a  summa- 

tion of tensions will result. As can  be  seen  from  figure 4, the  total  tension 
developed will depend on  the  timing or frequency of the  arriving  nerve  impulses, 

their  time  span,  and  the  temporal  characteristics of the  muscle  twitch.  When  the 
nerve  impulse  frequency  is  high  enough,  however,  a  saturation  effect  develops 

and  the  individual  twitch  responses  fuse  into  a  continuous  maximum  tension.  This 

condition  is  called  "tetanus."  The  neuron  frequency  necessary  to  produce  this 

(the  "tetanic  fusion  frequency") will of course  depend  on  the  twitch  time  of  the 
muscle,  which,  as  already  pointed  out,  is  variable  from  unit  to  unit. 

A few  general  statements  on  the  organization  of  neuromuscular  elements  should 
be  made. First, it is important to note  that a13 the  muscle  fibers  in  a  motor 
unit lie  within  the  same  parent  muscle; i.e., they  are  not  distributed  between 

various  muscles.  There  may  be  anywhere  from  about 10--10,000 fibers  in  a  unit, 

and from rather few to  several  million  units  within  a  muscle  (ref 2). These  show 

a  characteristic  distribution  which will  be discussed  later.  The  fibers  in  a 

muscle  are  organized  into  a  hierarchy of  bundles  called  and  these  in 

turn  are  bound  together to form the  total  muscle. 

Motor neurons -The  arrangement of motor  neurons  in  the  spinal  cord  is  more 
complex.  The  motor  neurons  are  always  located  in  the  ventral  horn of the  spinal 
gray  matter,  and  their  axons  always  leave  the  cord in an aggregated  bundle known 

as  the  "ventral root''  (fig. 2). They  show  a  tendency  to  cluster  together  in 

finctionally  significant  groups:  sometimes  the  cluster  consists of all  motor 

cells  whose  axons  reach  the  same  muscle;  sometimes  the  cluster, or nucleus, will 
innervate  a  group of muscles  which  functionally  cooperate  (i.e. , muscles  which 
are  synergistic,  such  as  those  muscles  which  act  to  bend  the  arm  at  the  elbow) ; 
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in other  cases  the  nucleus  is  organized  around an entire  segment of a  limb (ref. 3)  
as shown in  figure 5. 

This cellular  proximity  may  be  extremely  important  insofar  as  it  may  be 
necessary  to  the  rapid  integration of activity  between  these  motor  cells.  Inte- 

gration  in  motor  neurons is one of the  most  intensively  studied  areas of modern 
neurophysiology  and  has  led  to so many  important  insights  concerning  the  proper- 
ties of neuron  networks  that a few generalizations  important  to  our  subsequent 
presentation will be  made. 

Synaptic  input -It has  already  been  mentioned  that  motor  neurons  communicate 

with  muscle  cells  by  means of pulse  events  which  are  transmitted  along  their  axons. 

This  is  also  a  major  means  of  comaunica.tion  between  neurons,  but  there  are  impor- 

tant  differences.  When  a  pulse  reaches  the  terminal  region of an  axon  traveling 

to  another  neuron,  it  encounters a specialized  ending of the  axon  (comparable  to 
the  neuromuscular  junction)  called  a  ''synapse"  (fig. 6). Here  again  the  pulse 

releases  a  small  quantity of  chemical  substance  which diff'uses  to  the  postsynaptic 

neuron  surface.  Depending on the  specific  chemical  structure of this  agent  (and 

there  are  only  a few  such  agents  employed  by  the  nervous  system) , the  permeability 
of the  postsynaptic  membrane  to  ions  such  as  potassium,  sodium,  or  chloride  is 

momentarily  altered.  During  this  period,  in  which,  effectively,  an  ion-selective 

impedance  change  occurs,  currents flow  into or out  of  the  postsynaptk  neuron, 

thereby  altering  the  potential  difference  across  its  membrane.  Normally  situated 

at  about 70 mV  (negative  inside  with  respect to outside),  the  potential  shifts 

either  in  a  more  negative  direction  (hyperpolarization)  or  in a less  negative 

direction  (depolarization).  The  direction of change  depends  on  the  structure of 

the  transmitter  agent  released by the  presynaptic  axon,  but  for  any  synapse  this 

is  always  the  same.  Therefore,  the  postsynaptic  response,  i.e.,  the  shift  in 

potential,  is  basically  invariant  following  each  presynaptic  impulse.  Unlike  the 

muscle  fiber,  however,  the  typical  neuron  receives  input  from  many  axons,  and  as 

many  as 10,000 synapses  have  been  counted  on  a  motor  neuron,  distributed  over  the 

entire  surface  of  the cell  body,  or  "soma,"  and  along  its  dendrites  as well. Thes: 
synapses  represent  the  termination  points of hundreds  or  thousands of other 

neurons  which  can  contribute  input  to  this  single  cell.  Indeed,  interest  has 

been  focused  in  recent  years  on  the  dendrites  of  motor  cells  because  dendrites 

constitute as much  as 80 percent of the  motor  neuron  surface. 
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The fbnctional  significance of the  multitude of synaptic  endings  distributed 

over  such  a  wide  area  of  a  neuron  lies  in  the  integration of their  individual 
effects. An impulse.at  one  synapse  generates  a  typical  change  in  potential  in 
its  localized  area  which,  in an  over-all  sense,  is  summated with  all the  other 

minute  changes  generated  by  impulses  arriving  at  other  synapses.  Some of these 

will  tend  to  shift  the  over-all  potential  in  a  more  negative  direction,  some  in 
a  less  negative  direction. In every  neuron  there  is  at  least  one  specialized 
region  at  which,  if  the  membrane  potential  falls  to  a low enough  point  (around 

-40 mV) , the  "threshold  level, I' the  cell  generates  a  pulse  which  travels  out 
along  its  axon.  Until  this  point  is  reached,  the  cell  is  generating  no  output 

along  the  axon.  After  the  pulse  is  generated,  the  membrane  potential  is  reset  to 
its  original  value  (around 70 mV). Impulses  which  arrive  at  synapses  which  lower 

the  postsynaptic  membrane  potential  are  termed  "excitatory,"  while  those  which 
make  the  membrane  more  negative, or less  likely  to  reach  threshold,  are  called 
"inhibitory. 

It  has  been  fairly well established,  at  least  for  motor  neurons,  that  the  site 
at  which  this  threshold/switching  property  is  located  is  at  the  junction  between 
the  cell  body  and  the  axon,  just  prior  to  the  point  where  an  insulator-like  sub- 
stance  surrounding  the  axon,  the  "myelin  sheath,"  begins. This region  is  called 
the  "axon  hillock"  and  appears  to  be  the  point  where  the  summated  effect of all 
the  minute  synaptic  potentials  determines  whether  a  pulse, or "spike," will  be 

initiated  and  transmitted. For this  reason  it  is  important  to  note  that  synapses 
at  the  ends of the  dendrites,  because of their  very  remoteness,  may  have  a  much 

smaller  effect  than  more  proximate  synapses.  This  has  led  to  increased  interest 
in  determining  regional  differences in the  termination of input  sources  from  other 
neurons,  and  to  some  interesting  speculation  concerning  the  theoretical  switching 
and  computing  properties of single  neurons. 

The  very  fact  that  dendrites  receive  such  a  high  density  of  synaptic  potential 

input,  which  leads  to  complex  field  patterns  in  the  tissue  spaces  they  occupy,  has 
led  to  considerable  interest  concerning  the  possibility  that  neurons  in  close 

proximity  can  communicate  with  each  other, i.e., influence  each  other, by  means 
of the  fields  set up  in  their  dendritic  networks.  Certainly,  from  a  theoretical 

point of view  it is  clear  that  at  certain  moments  the  dendritic  tree of a motor 
neuron can act as a spatially  complex  current  sink,  which,  due  to  the  overlap of 
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dendritic  networks,  could  act  as  a  powerfully  excitatory  agent  to  neighboring 

cells.  This  could  be  important  in  the  generation of synchrony or antisynchrony 

in  a  pool of synergistic  cells. 

Axon transmission -In general,  axons  do  not  receive  synaptic  input  but they 

do  have  membranes with the  threshold  property  described  earlier.  They  are  special- 

ized  parts of the  neuron  insofar  as  they  exhibit  primarily  transmission  functions. 

Their  transmitting  ability  arises  from  the  fact  that  the  existence of the  nerve 

impulse  at  any  region of the  axon  will  always  cause  the  potential  to  be  lowered 

in  an  adjacent  region  to  the  point  where  threshold  is  reached,  thereby  exciting 

the  adjacent  region  to  generate  a  pulse. In normal  use,  the  transmission  is 
unidirectional  because  axon  membrane  is  incapable of generating  a  new  pulse  for  a 

millisecond or so (the  "refractory  period")  after  its  last  one;  hence,  the  impulse 

can  invade  only  sections of the  axon  which  have  not yet  been activated.  Indeed, 

the  nerve  pulse  moves  along  the  axon  at  just  such  a  rate  that  it  cannot  "reach 
back"  far  enough  to  re-excite  the  region  it  has  passed, now recovering  from  the 

refractory  period.  This  rate  is  a  f'unction of the  axon  thickness  and  myelin  thick- 

ness;  for  the  largest  axons  (among  them  those  belonging  to  motor  neurons)  the  con- 

duction  velocity  may  be  as  much  as 100 m/sec. For the  smallest  unmyelinated  fibers, 
conduction  velocities  are  only  a  few  meters  per  second. 

In  the  terminology  developed  here  we  can now  say  that  the  impulse  conducted 

along  a  motor  axon will always  trigger  a  change  in  potential  in  the  muscle  fiber 
which  exceeds  threshold,  i.e.,  the  transmission  is  one-to-one. 

Parameters of control for motor  units  -There  are  several  motor  system 
parameters  which  are  relevant  to  the  control of muscle  tension  at  the  peripheral 

level  of  the  motor  unit.  The  first  important  parameter  is  the  size of the  motor 

unit  itself,  i.e.,  the  number of muscle  fibers  innervated  by  a  single  motor  neuron. 
There  is  a  large  variation  in  the  size of motor  units,  sometimes  referred  to  as 

the  "innervation  ratio." For a  large  and  powerful  muscle  such  as  the  gastrocnemius 

as  many  as  several  thousand  muscle  fibers  are  directly  innervated  by  a  single  neuron 

in  the  lumbar  region of the  cord;  at  the  other  extreme, a motor  cell  in  the  oculo- 

motor  nucleus  in  the  brain  stem  may  control as few  as  ten  muscle  fibers  which  servE 

to  rotate  the  eyeball  (table I). 

A second  obvious  parameter  is  the  total  number of fibers  available  in  the 

entire  muscle.  Again,  a  powerful  muscle  such  as  the  gastrocnemius,  as  would be 



TABLE 1 

NUMBER OF MUSCLE FIl3EFiS AND MOTOR UNITS FOR VARIOUS MUSCUS 

Muscle 

Superior  rectus of eye ........... 
Lateral  rectus of eye ............ 
Biceps ........................... 
Sartorius ........................ 
Cricoarytenoideus  posterior ...... 
Rectus  femoris.. ................. 
Gracilis ......................... 
Semitendinosus ................... 
Gastrocnemius .................... 
Tensor  tympani ................... 

Number of 
nuscle  fibers 

thousands 
" 

42 
22 

580 
222 

16 
1 86 

145 
5 08 

1505 
11 

Number of 
motor  units 

2000 

1740 

3500 

740 
140 
600 

275 
71 2 

778 
55 

Size of 
motor  unit 

Innervation 
ratio 

23 
13 

1 63 

116 

3 05 
527 
71 3 

203 7 
20 

3 00 

expected,  has a very  large  number  (on  the  order of a  million),  while  the  smallest 

muscle,  the  tensor  tympani  (which  controls  the  mechanical  impedance of the  series 
of ossicles  in  the  middle  ear),  has  only  about 1000 fibers.  Taken  together,  the 

innervation  ratio  and  the  total  number  of  muscle  fibers  enables  us  to  compute  the 
total  motor  neuron pool size  (i.e.,  the  number  of  motor  neurons)  for  each  muscle 
( see  table I) .* 

Assuming  that  all  muscle  fibers  of  comparable  diameter  have  the  capacity  of 
generating  the  same  amount of tension,  it  follows  that  the  size of the  motor  unit 

determines  the  minimum  quantum of tension or  force  which  the  muscle  can  "negotiate" 
in  the  control of movement.  Thus',  every  firing of a  biceps  motor  neuron  generates 

the  obligatory  twitch  contraction of about 1000 muscle  fibers,  and  variations  in 

biceps  contractile  force  must  be  transacted  at  quantum  levels  of  that  magnitude, 
which  for  that  muscle  is  approximately 10 grams, or  some  one  hundred  times  the 
minimum  quantal  force  for  the  extraocular  muscles. 

*These  figures  should be  taken  only as an indication of approximate  quantities. 
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A third factor  of  extreme  importance  in  the  graduation  of  muscle  tension  is the 
firing  frequency  of  the  motor  neuron. In general,  tension in the  motor  unit  is a 
monotonically  increasing  function  of  firing  frequency. A ty-pical  plot  can  be  seen 

in figure 7 in which  tension  (in a motor  unit) is plotted  against  stimulation 
frequency; for comparison  the  strength  of a maximum  voluntary  contraction  is  shown 
in a similar  diagram  of a whole  muscle  activated  by  electrical  stimulation  of  its 
motor  nerve. As the  stimulation  frequency  is  increased  to  the  point  where a l l  indi- 
vidual  twitch  responses  become  fused  (i.e.,  the  muscle  is  "tetanized"),  it  can  be 

seen  that (1 ) there  is a region of relatively  rapid  rise  in  tension  as a function of 

frequency, (2) there  is an asymptotic  value of maximum  tension  which  apparently  can 

be  achieved in maximum  voluntary  effort,  and ( 3 )  the  tetanus/twitch  ratio  of  tension 
is,  in  the  example  shown,  about  six  to  one,  and  the  range  in  general is usually 

given  as a twofold or fourfold  increase.  Clearly,  this  ratio will also  be  impor- 
tant  for  the  control of tension.  Another  variable,  which  appears  to  be  intrinsic 

to  the  muscle  fiber  itself, is a characteristic  properly known as  the  "twitch  time" 

(the  time  required for a twitch  to  develop  and  subside), it being  an  important 

phenomenon  €hat  mammalian  muscles  are  inherently  either  "fast" or l'slowll  (ref. 9 ) .  
Generally,  the ''Slow'' fibers  are  tonically  active  postural-type  muscles  which 

maintain  fixed  tensions  over  relatively  long  time  periods.  "Fast"  muscles  are 
those  related  to  phasic,  i.e.,  short  term  kinetic  movements.  The  twitch  times 

for slow and  fast  muscles can'be seen  from  the  tension  time  curves  of  figure 8. 
.Also shown  is a twitch  response  curve of an  extraocular  muscle  fiber  which  is 

noticeably  faster  than  that  for a fast  muscle.  Refractory  periods  and  action 

potential  durations  for  muscle  also  tend to parallel  twitch  times  (ref.111,  slow 
fibers  having  longer  recovery  times  and  action  potentials  (which  is  unimportant 

because  their  longer  twitch  times  mask  their  inexcitability).  The  duration  of  the 

twitch  will  naturally  influence  the firing-frequency/tension relation.  Thus,  as 
one  would  expect,  the  tetanic  fusion  frequency of slow  fibers is quite low, e.g., 
less than 20 impulses/sec,  whereas  the  f'usion  frequency  of  the  extremely  fast 
extraocular  muscles  is  around 200 impulses/sec  (ref. 1 ) . These  fusion  frequency 

differences also amount  to  differences  in  range  of  firing  frequency. 

We  can  integrate  this  entire  presentation  by  pointing  out  that  muscle  proper- 

ties  seem  to  be  optimized  for  control  requirements. Thus, for  the  extraocular 
muscles,  which  have  the  tightest  argument  for  fine  control, it has  already  been 

pointed  out  that [ I ]  the  motor  unit  size ( o r  innervation  ratio)  is  smallest, 

16 



8 -  
7 -  

cs 6 -  
Y 5- 
0 

" 5 4- 

I-" 
UJ 
= 3- 

2 -  
I -  

20 40 60 80 100 
imp  /sec 

(a) Motor  Unit (Gastrocnemius) 

r Maximum  Voluntary  Tension 

2 - L  """ Single  Twitch  Amplitude 

O' 6 I I I I I 

IO 20 30 40 50 
Stimulus  Frequency  (shocks k e c )  

(b) Whole Muscle  (Adductor Pollicis) 

Figure 7. Tension  Versus  Stimulus  Frequency 

17 



Flexor 
Hallucis 
Longus 

‘I Fast I’ 
(ref 9) 

Soleus 

Slow I1 

( re f  9) 

Inferior 
Oblique 

Extraocular 
(ref IO) 

Decay Time , 17 msec 

26 msec 

msec 

ecay Time , 7 msec 

I 

6- 
msec 

Figure 8.  Twitch Responses 

18 



[2] the minimum negotiable  force  is  smallest, [3] the  size of the  motor  neuron 

population  is  largest  (see  table I), [4] the  twitch  time  is  shortest  (and  there- 
fore  the  fusion  frequency  is  highest),  and [5] the  maximum  firing  frequencies  are 
greatest;  moreover, [6] for  these  muscles  the  tetanus/twitch  tension  ratio  is  also 
greatest.  Consequently,  the  control  system  can  work  with  smaller  quanta of  ten- 

sion,  great  numbers of motor  units,  faster  responses,  a  wider  range of controlling 
signal  frequencies,  and  a  greater  dynamic  range of forces  in  each  unit. 

Conversely,  the slow acting  muscles  used  in  relatively  inexacting  maintenance 

tasks  such  as  posture  have  parameters  at  the  opposite  extreme,  and  therefore  enjoy 
a  very  reasonable  and  profitable  economy  in  control  and  maintenance  costs. 

Utilization of motor units in voluntary  activity -We know relatively  little 
about  the  detailed way in  which  the  nervous  system  utilizes  these  various  param- 
eters  in  the  development,  adjustment,  and  maintenance  of  muscle  force  under  volun- 
tary  conditions.  Appzrently  a  subject  provided  with  audio  feedback  from  the 

electromyogram (EMG) can  learn  to  control  the  discharge  of  any  given  motor  unit 
within  minutes  (ref. 71 ) . However,  it  has  been  demonstrated,  at  least  in  some 
muscles,  that  in  the  progressive  development of tension  from  minimal  strength  to 
maximal  voluntary  force  production  each  motor  unit  is  recruited  into  the  action at 
a  rather  precise  and  reproducible  tension  level;  that,  once  brought  into  the  effort, 
the  motor  unit  frequency  increases  rapidly  as  over-all  tension  increases  to  a  maxi- 
mum  firing  rate for that  neuron  (ref. 12 and  fig.  9a).  The  tension  range  for  the 

muscle, when the  unit  first  enters  and  when  it  reaches  it  maximum  rate,  is  rather 
narrow. For example,  in  the  gastrocnemius/soleus  complex  in  man,  which  can  develop 

50-60 kg of tension,  a  typical  motor  unit  may  increase  its  rate of discharge  from 
an initial  rate of four  times  per  second  to  a  maximum of  ten  times  per  second  over 

a  range  of 150 grams,  i.e.,  less  than  one  percent of the  total  tension  range  for 
the  muscle  (fig.  9b).  Thus,  in  the  production of variable  tensions  the  nervous 
system  does  not  use all available  motor  units  first  at  low  frequency  and  then  at 

progressively  higher  frequencies,  nor  does  it  rotate  the  effort  in  any  obvious  way 
among  motor  units.  Rather,  it  appears  to  bring  in (or drop  out)  each  unit  at  a 
stable  threshold  level of tension  and  to  raise  its  frequency  quickly  to  a  maximum, 
bringing  in  other  units as needed  to  increase  tension.(fig.  9c).  There  is  consid- 
erable  variability  in  the  size of motor  units  in  a  given  muscle.  As  a  result  the 
maximum  tension  which  a  motor  unit  is  capable of generating will  vary  from  unit  to 
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unit. Typical  distributions,  of te tan ic   t ens ion   for  a slow  and a fast muscle are 
shown i n   f i g u r e  1 0. 

It has  recently  been shown that the   o rder   in  which  motor un i t s  are recrui ted 

may depend on the   s ize  of the  motor un i t ,  smaller uni ts   being  recrui ted first.  

This means t h a t  a t  low tensions  the  increments of tension are small, while a t  

large  tensions  the  increments are larger.  Apparently, however, t h i s  arrangement 

lends itself t o  a nearly  constant  relakive  fineness of control  (refs. 14, 15). 

The most e f f i c i e n t  w a y  to   use  a muscle i s  t o  dr ive it so that twitches  fuse,  

thus  eliminating  the  necessity of repea ted ly   s t re tch ing   the   se r ies   e las t ic  

components in   the  f ibers   themselves .  Consequently, one paradoxical  feature of 

the   cen t ra l   cont ro l  of the motor un i t  i s  that  while  neurons which are recrui ted 

i n t o  a voluntary  contraction do reach a f i r i n g  frequency  plateau,  this rate of 

discharge i s  considerably below the  tetanic  frequency and indeed  often i s  below 

the minimum frequency  necessary f o r  summation. It must be concluded that 
s igni f icant  summation of twitches  occurs  only a t  maximal or   near ly  maximal 

voluntary  tensions. 

It has been shown tha t   there  i s  a progressive  increase  in  the maximal normal 

firing frequency of a motor un i t  as one proceeds up the  spinal  cord f rom m.ore 

pos te r ior  segments, innervating  the  hind  limbs, toward the .upper levels ,  

innervating  the arms (ref.  1 3 )  . Since  motor c e l l s  are capable of f i r i n g  a t  

frequencies a t  least  ten  times  greater  than  those  observed, it has  been  suggested 

tha t   the i r   f i r ing   f requencies   a re   regula ted  by negative  feedback  loops i n   t h e  

spinal  cord  ("recurrent  inhibit ion").  Thus, it i s  postulated  that  every  outgoing 

impulse may a l s o  be re layed   to  a n  interneuron  ( the  so-called Renshaw c e l l )  which, 

in   tu rn ,   feeds  back t o   p a r t i a l l y   i n h i b i t   t h e  motor ce l l   ( s ee   p .  47, "General 

Features of Spinal Cord Organization"). 

Because the  nervous  system i s  incapable of increasing  the number of i t s  c e l l s  

(neurons mature but do not  divide after b i r t h ) ,  it follows  that   increased  strength 

i n  a muscle, as a result, say, of exercise,  cannot be due t o  an  increase  in  the 

number of  motor uni ts ,   nor  does the   innerva t ion   ra t io  change.  Rather,  the  size 

of the muscle f i b e r s  themselves  changes  and,  since  the development  of f o r c e   i n  a 

muscle (extra fast o r  slow) i s  proportional  to  cross-sectional  diameter  ( in 

tetanus a force of 2.4 kg/cm2 i s  typica l ly   c i ted ,  i .e . ,   re f .  16), the  increase 

i n   f i b e r  size is  re f lec ted  i n  the  increased  tension which can be  produced. 
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Basic phyelologlcsl properties of muscle.-An understanding  of  the  signifi- 

cance of pa r t i cy la r   pa t t e rns  of  impulse act ivi ty   generated  by motor  neurons i n  

the  spinal   cord depends on an  understanding of the  electromechanical  properties 

of the muscle c e l l s   t o  which these  impulses are directed.  Some of these have 

been  alluded t o   i n  o m  ear l ie r   d i scuss ion  of twitch  responses  and  tetanic con- 

t rac t ions ,  and these  propert ies  w i l l  be e labora ted   in  more de ta i l   here .  

It i s  often  convenient  in  studying  the  physiological  properties of muscle t o  

r e s t r i c t   a t t e n t i o n   t o  two extreme modes of  muscla operation, namely, those  cases 

i n  which, during  contraction,  the  over-all   length of the muscle  remains  constant 

( isometric  contraction) and those i n  which the load. on the muscle  remains 

constant  ( isotonic  contraction).   any na tura l  movements,  of course, are i n t e r -  

mediate between these,  but some s impl i f ica t ions   in   the   t rea tment  of experimental 

da ta   a re   poss ib le   in   these  two restr ic ted  condi t ions.  

From experiments  using a combination of isometric,   isotonic,  and abrupt  load 

reduction  contractions it can be shown t h a t  muscle  can be represented by a combi- 

nation of a s e r i e s   e l a s t i c  component plus a cont rac t i le  component where only  the 

l a t t e r  i s  influenced by  motor nerve  stimulation. One can fur ther   d i s t inguish   the  

ac t ive  from the  passive  properties of the  contract i le  component-the la t ter  con- 

s is t  of the  mechanical  properties of  muscle  which i s  not  being  stimulated,  while 

the  former  are  those which a r e  observed  during  stimulation, t o  which the  passive 

proper t ies   a re  usually added. 

Length/tension relations -One very  useful   character izat ion of the muscle 

f i b e r  i s  the  length/tension  curve shown i n   f i g u r e  11 which indicates  the  tension 

produced i n  an  unstimulated  f iber by s t re tching it  beyond i t s  natural*  length. 

On a l inear   sca le   ( f ig .  12)  this  passive  curve  shows.that  the muscle propert ies  

deviat;e s ign i f icant ly  from  those of a purely  elastic  element,  and,  indeed, 

i r revers ib le  damage t o   t h e   f i b e r   u s u a l l y   r e s u l t s  if the  stretch  exceeds  about 

100 percent of the   res t ing  length.  

The passive  length/tension  curve  can be compared  on the same diagram  with 

the  corresponding  active  curves,  the muscle being  stimulated by shocks of varying 

*A vague term usually t aken   to  mean the  res t ing  length of the muscle i n   t h e  
body. 
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f requency  appl ied  direct ly   to   the muscle or t o  its motor  nerve. I n  f igure  12a 

the  active  length/tension  curves are shown f o r  a whole  muscle during  single-twitch 

contractions and during  tetanus.  Corresponding  curves  for a single muscle f i b e r  

have a l s o  been  measured, as shown i n   f i g u r e  12b. The tension i s  measured under 

isometric  conditions,  the  length  being  held  constant by a restraining  device.  

Ideal ly ,   to   generate   the  ent i re   curve  the muscle would be slowly  stretched beyond 

i t s  rest length  (generating the passive  curve), whereupon a stimulus of appropri- 

ate  frequency would be applied and the muscle would be allowed t o  slowly  contract, 

i t s  length/tension  parameters  being  plotted  simultaneously.  In  general,  the  curve 

can be generated in   the  opposi te   direct ion wi th  l i t t l e  evidence of hysteresis .  

In  addition,  intermediate  curves  corresponding  to  lower rates of st imulation can 

be derived. An example from  extraocular muscle i s  shown i n   f i g u r e  13. A s  i n  

f igure  13, it i s  customary to  subtract   the  passive  tension  corresponding  to  each 

length from t h e   t o t a l  measured tension  to  obtain  the  tension  actively  generated 

by a stimulus. 

Although the  curve i n   f i g u r e  13 i s  constructed  under  isometric  conditions, 

considerable  information  about  the  isotonic  behavior of the muscle  can be obtained 

f r o m  the  diagram.  For  example, if a muscle f i b e r   i n i t i a l l y  a t  rest   length i s  

suddenly te tanized and  allowed to   cont rac t   aga ins t  a constant  load,  then  shorten- 

ing w i l l  occur i f  the tetanic  tension  developed a t  t h i s  i n i t i a l   l e n g t h  exceeds  the 

load. Since it i s  a general  property of  muscle that  i t s  peak ac t ive   t ens ion   i s  

generated a t  i t s   na tura l   l ength ,   then  as the muscle shortens i t s  developed tension 

i s  reduced,  causing it to   sho r t en   t o  t h a t  length a t  which it generates a tension 

equal   to   the  load. (If the  load i s  grea te r  t h m  the   to ta l   t e tan ic   t ens ion   deve l -  

oped a t  the in i t i a l   l eng th ,   t he  muscle w i l l  be lengthened by the load   un t i l  i t s  

increasing  total   tension becomes equal   to   the  load  or   unt i l  it i s  fully  extended.)  

Clearly,  for  every  stimulus  frequency  there i s  a unique  equilibrium  length which 

w i l l  be achieved by the muscle when act ing  against  a constant  load, and t h i s  point  

on the  length/tension  curve i s  ind i f f e ren t   t o   t he  manner i n  which the movement of 

the muscle takes  place.  But  while the f i n a l   p o i n t  i s  the same, the  time  course 

of tension,  length, and veloci ty  of shortening w i l l  be qui te   d i f fe ren t .  

BOrCe/VelOOity relatione -Another basic  property of muscle i s  t h a t  the  force 

which a muscle i s  capable of generating i s  a funct ion of the  velocity a t  which it 

i s  shortened ( o r  lengthened). The relat ionship between these  parameters i s  
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summarized by the  force/velocity  curve.   Typical  force/velocity  curves  for 

tetanized  animal muscle are shown i n   f i g u r e  1 4a (ref. 24) . A similar curve f o r  

human biceps muscle during a maximal con t rac t ion   e f fo r t  i s  shown i n   f i g u r e  14b 

(ref. 2'3). A t  intermediate  levels of e f f o r t  (as measured by EIG techniques) 

a family of curves, figure 14c, i s  generated (ref. 26). 

These curves  are  obtained  experimentally by first se t t ing   the  muscle t o  a 

fixed  length,  and then  excit ing it and allowing it t o  develop  tension. When the 

tension  developed  exceeds the weight of the  load,  the  load  (previously  supported 

and not   appl ied  to   the muscle) i s  l i f t ed  and t h e   i n i t i a l   v e l o c i t y  of the  contrac- 

t i o n  i s  measured. (If the load i s  grea te r  tha.n the maximum tension  developed by 

the muscle, extension or "negative  shortening"  occurs,  but  the  results  for t h i s  

type of motion  do  not l i e  along an extension of the  force/veloci ty   curves   for  

shortening,  see  reference 70.) Thus the muscle exhibi ts   v iscous  character is t ics  

similar to   those of a nonlinear damper. 

Ser ies   .e las t ic  CoPlpOnent -The s e r i e s   e l a s t i c  component behaves l ike  an i n e r t  

nonlinear  spring,  whereas  the  contractile component's properties  ( length/tension 

and force/veloci ty   re la t ionships)  depend on motor  nerve f i r i n g  frequency and 

muscle length (ref.  83). Typical  curves  are shown i n   f i g u r e  15 f o r  two d i f f e ren t  

muscles ( r e f .  24).  

These curves  are  obtained  experimentally by se t t i ng   t he  muscle t o  a f ixed  

length and te tanizing it. Then a l a t c h  i s  released so that the  load on the muscle 

drops  from i t s  isometric  value  to something less.  This  abrupt  load  reduction 

causes  the muscle to   shor ten  a ce r t a in  amount almost instantaneously,   af ter  which 

the  contraction  proceeds a t  constant  velocity,  as predicted by the  force/velocity 

re la t ionship.  Thus, t he   r a t io  of the change i n  load  to  the abrupt change i n  

i n i t i a l   l e n g t h  i s  a t t r i bu ted   t o   t he   s e r i e s   e l a s t i c  component because  the  viscous 

charac te r i s t ics  of the   cont rac t i le  component prevent i t s  abrupt  shortening. 

Additional  evidence  indicating the iner t   charac te r  of t he   s e r i e s   e l a s t i c  component 

i s  given in  reference 83; the measured r e s u l t s  of abrupt  load  reductions  from a 
number of d i f f e r e n t   i n i t i a l   l o a d s  a l l  gave the same curve. 

Fast a elow ekeletal  muscle -Recent  experiments on the  force/velocity 

r e l a t i o n s   i n  muscles have confirmed the  existence of a c ruc ia l   d i f f e rence   i n   t he  

propert ies  of mammalian muscles which appear t o  f a l l  i n t o  two d is t inc t   c lasses .  

On the   bas i s  of many such  observations, muscle f ibers are c l a s s i f i ed  as e i t h e r  
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"fas-b" or "slow," a distinction  which  seems  to  apply  to  the  speed  as  opposed  to  the 
strength  of  the  contractile  processes  of  muscle*  (refs. 9, 16, 17, 18, 24, 99, 100). 

The  difference  between  fast  and  slow  muscles  can  be  seen  from  figure  14a  in 

which  the  force/velocity  relations  for  a  typical  slow  and  fast  muscle  are  shown. 
Another  expression  of  this  difference  can  be  seen  from  the  tension/time  relations 
of  the  twitch  response  of  slow  and  fast  motor  units. 

A similar  relationship  is  seen  in  figure 12, which  shows  the  twitch  responses 

of  single  motor  units  and  whole  muscles  of  two  muscles  consisting  apparently  of 
purely  slow  and  fast  fibers,  respectively.  Several  other  variables  related to 
speed  of  contraction  are  also  correlated  with  this  basic  property, For example, 

the  tetanic  fusion  frequency  for slow muscles  is  much  lower,  as  would  be  expected 
(e.g., 16 times  per  second  in  soleus  versus 64 times  per  second  in  gastrocnemius), 
but  this  is  also  associated  with  a  slower  firing  frequency  of  the  innervating  motor 
cell whose  afterpotentials  are  much  longer  (refs. 1 1 ,  21), and  the  connecting  axon 
whose  conduction  velocity  is  lower  (refs. 1, 22). Finally,  as  shown  in  figure 15, 

the  series  elastic  component  for  slow  and  fast  muscles  is  significantly  different. 

The  significance  of  the  fast/slow  distinction,  however,  extends  far  beyond 

the  simple  aspect  of  velocity  because  a  number  of  other  extremely  important 

physiological  features  are  correlated  with  the  velocity  property.  Indeed,  it 
has  been  shown  by  cross-innervation  studies  that  the  muscle  fiber  ,derives  its 
properties  in  some  mysterious  way  from  the  axon  which  innervates  it. 

Since  there  are,  as  already  indicated,  muscles  which  consist  almost  entirely 
of  purely  slow or  fast  muscle  fibers,  considerable  interest  has  been  shown  in  the 
different  ways  these  muscles  are  used. For example,  the  soleus (a  slow  muscle) 

and  the  gastrocnemius (a fast  muscle)  both  have  the  same  functional  effect,  i.e., 
ankle  extension,  yet  they  have  utterly  different  physiological  properties.  It 
has  been  hypothesized  that  the  slower  muscle,  which  requires  much  lower  neuronal 

discharge  for  control  over  its  tension  range, is used  for  ankle  extension ~"Lc- 

tions  which  are  slow  and  tonically  maintained  (such  as  standing),  whereas  the 
faster  muscle  is  used  for  brief,  phasic,  rapid  movements  (such  as  running). 

Most  muscles  are  mixtures of motor  units  with  fast or slow  properties,  and 
it  has  been  assumed  that  this  corresponds  to  a  functional  differentiation  in 

'Intermediate  types of motor  units  have  also  been  reported,  but  appear to 
be  relatively few in number  (ref. 99). 
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that muscle between tonic,  postural,  maintained  use and phasic  rapid  use. Even 

within the extraocular muscles which are inherent ly  faster than  other skeletal 

muscles, there  appears t o  be a natural  grouping of fast and  slow fibers with 

correspondingly  different  sizes of innervating  axons. Again, there  appears t o  

be a f u n c t i o n a l   d i s t i n c t i o n   i n   t h e i r  use, t he  fast f i b e r s  becoming act ivated 

during  rapid  eye movements, the slower fibers being  active  during  maintained  eye 

f ixa t ion  ( ref .  10) . 
Open-loop  muscle control.  - The s ignif icance of t h e  length/tension/frequency 

family of curves  for muscle becomes c lear  when we consider  the  actlon of a p a i r  

of comparable  muscles in   the  posi t ioning of a limb or in   f ix ing   the   d i rec t ion  

of gaze of t he  eye.  This lat ter problem  has  been  considered  by Robinson ( r e f .  2 3 ) ,  

who has made carefu l  measurements  of the  forces  developed  by the extraocular 

muscles of t he  eye as a function of length  and  stimulus  frequency. 

The eye i s  normally  rotated  or  held  in  posit ion by the  concerted  action of 

th ree   pa i r s  of muscles. In   the  present   discussion we w i l l  r e s t r i c t  our a t t en t ion  

by considering  only the two muscles which se rve   t o   ro t a t e   t he  eye i n  a horizontal  

plane,   the  horizontal   recti   (f ig.  16a). If we assume that the two muscles ( the 

medial. and l a t e r a l   r e c t i )  are i d e n t i c a l   i n   t h e i r  mechanical  properties, we can 

use  the data obtained by  Robinson t o   p l o t   t h e   a c t i v i t y  of these muscles  which 

would be requi red   to   f ixa te   the  eye i n  a given  direct ion.  

The length/tension  curves  for  various  frequencies of st imulation  are  given  in 

f igure 13, which shows the  passive and actively  generated  tensions  in  each  muscle. 

If we assume that the length/tension/frequency curves  for  each  antagonist  muscle 

are ident ica l ,  and assume a l so  that the   t o t a l   t ens ion   i n   each  muscle w i l l  be the 

sum of the ac t ive  and passive  tensions (shown i n   f i g .  l3 ) ,  then  the  resultant 

tension/length/frequency family i s  tha t  shown i n   f i g u r e  16b. We assume fu r the r  

that the  frequencies of s t imula t ion   re fer red   to  are suff ic ient ly   accurate  measures 

of over-al l  motor u n i t   f i r i n g   r a t e s  SO t ha t  the numbers associated w i t h  each  curve 

are  reasonable  representations of ensemble a c t i v i t y   i n  the motor unit  pool. 

Assuming i n i t i a l l y   t h a t   t h e  eye i s  d i r ec t ed   s t r a igh t  ahead and each muscle i s  

being  stimulated 30 times per  second by i t s  nerve  supply,  each i s  exerting  about 

30 grams of force.  The eye posi t ion i s  i n   f a c t   s t a b i l i z e d  because  any momeptary 

increase  in  force  generated by one muscle w i l l  se rve   to   s t re tch   the   an tagonis t  
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on Length Versus T o t a l  Tension  Curves  (from  Ref. 2 3 )  
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Now, suppose that the  stimulus  frequency  to  the muscle  which rotates   the eye 

to   t he   r i gh t  i s  increased   to  73 pulses/sec  and 

decreased t o  25 pulses/sec. The former  muscle 

a t  l e a s t  40 grams of tension,  while  the l a t t e r  

a t  l e a s t  a t  the  starting  lengths  corresponding 

tensions w i l l  r e s u l t   i n  a rotatory movement t o  

the  s t imulus  to   the  antagonis t  i s  

i s  in i t i a l ly   capab le  of developing 

can  develop  only  about 1 7 grams, 

t o  0' rotat ion.   This  imbalance of 

the  r ight ,   the   agonis t   contract ing,  

the  antagonist  extending. But as the  antagonist  i s  lengthened, i t s  to ta l   t ens ion  

(active  plus  passive  tension)  increases,   the  relationship  being  that   given by the 

curve a t  25 pulses/sec  stimulation.  Conversely,  the muscle a t  75 pulses/sec 

shortens  along  the 75 pulses/sec  curve and i t s  tension  drops. It follows  that  

there must be some length  increase  in   the  antagonis t  a t  which i t s  to t a l   t ens ion  

i s  equa l   t o   t ha t  of the  agonist  which has shortened by the same amomt.  Inspec- 

t i on  of f igure 16b i n d i c a t e s   t h a t   t h i s   p o i n t   l i e s  between 6 O  and 1 4 O .  

We can  generalize on th i s   ca lcu la t ion  by pointing  out  that  i t  is  always possible 

i p  t h i s   s i t u a t i o n  t G  calculate  the  st imulus  frequencies  necessary  to  generate 

muscle forces  corresponding t o  a given  position  of  the  eye. The solution i s  

derived  from  the f u l l   f a m i l y  of curves,   subject  to  the  constraint   that   an  equal 

change in   l ength   (bu t  of opposite  sign) of agonist  and antagonist  must occur, and 

each amount corresponds  to a f ina l   angular   pos i t ion .  The f ina l   angular   pos i t ion  

determines  the  location of the two v e r t i c a l   l i n e s  which intersect   the   length/  

tension  family f o r  each  muscle. From t h i s  we can  see  that  the  solution i s  under- 

determined and a unique solut ion depends on our choosing ei ther   the  f in21  tension 

o r  one of the f inal  f i r ing  f requencies .   In   other  words, the  solut ion  to   the  general  

problem  of  eye posi t ion and control l ing  s ignal   requires   specif icat ion of a t  l e a s t  

two of the  three  parameters-final  posit ion,  f ina l  tension, and f i n a l   f i r i n g  

frequency. The f a c t   t h a t  many f inal   tensions  or   f requencies  of st imulation w i l l  

leave  the  eye i n   t h e  same position  suggests that the  solut ion,   in   pract ice ,  i s  

optimized  against some o ther   c r i te r ion .  But it i s  l i k e l y   t h a t   i n  most eye move- 

ments requir ing  f ixat ion a t  a given  point  there i s  a f a i r ly   cons t an t  and repro- 

ducible   f i r ing  ra te   achieved by the  driving motor neurons. The most important 

aspect of the   s i tua t ion  i s  that ,   s ince  the eye i s  a fixed  load whose dynamics  and 

ine r t i a l   p rope r t i e s  are independent of posit ion,   there i s  the  ra ther  unique 

p o s s i b i l i t y   i n   t h i s  system f o r  open-loop control .  
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Closed-Loop Neuromuscular  Control  Systems 

I n  practice,   very few  muscle  systems  enjoy the  property of the  extraocular 

muscles which actuate  a constant  load. Most muscles e x e r t   t h e i r   e f f e c t  on skele- 

t a l  elements,  carrying  varying  loads  with complex dynamics  and moving i n  complex 

ways. In such  instances, when it i s  not  possible  to  predetermine  the  requisite 

motor command s igna l   pa t te rn ,  e .g. , when we attempt  to l i f t  an unknown load, it 
i s  clear t h a t  some form of feedback  and control  i s  required. Certain elements of 

the neuromuscular  system which are c r i t i c a l  to the  execution of s k i l l e d  motor a c t s  

are discussed  in  the  following  subsections.  The discussion  begins   with  the  cr i t i -  

c a l  sensory  element of muscles,  the muscle spindle, and i t s  feedback re la t ions   wi th  

the motor units in   the   sp ina l   cord ,  a relat ionship which alters the  effect ive  char-  

a c t e r i s t i c s  of the muscles  themselves, and concludes  with  the  Golgi  tendon  organs. 

Muscle spindles and other  peripheral neuromuscular sensory  elements. - Muscle 

spindles   const i tute   the most important and most numerous sensory  organs of ver te-  

bra te  muscle ( r e f s .  7 ,  27, 33) .  There may be, typically,  from 50 t o  100 such 

organs i n  a s ingle  mammalian muscle, and each may have a qui te  complex organiza- 

t i o n  i n  terms of i t s  motor  and  sensory  innervation. 

A spindle  has a length of several   mill imeters and i s  known t o   c o n s i s t  of 

seve ra l   d i s t i nc t  and specialized  regions.   Within  the  f luid-fi l led  capsule 

enclosing  the  organ  are two d i s t inc t   t ypes  of spec ia l  muscle f ibers ,   the   th icker  

bag f ibe r s ,  i n  which there  i s  an enlarged  nuclear  region, and the  thinner,  simpler, 

but more numerous cha in   f ibers .  

A highly  simplified  diagrammatic view of a muscle spindle i s  shown i n   f i g u r e  17. 

This shows the   cen t ra l   ax is  of the  spindle which consis ts  of a globular  nuclear 

bag region  connected  to  ei ther  pole of the  spindle by means  of a p a i r  of nuclear 

bag f i b e r s  which are  themselves  typical  str iated muscle dibers  (approximately 25 p m  

in   diameter) .  These nuclear bag f i b e r s   a r e  known as " in t r a fusa l   f i be r s , "  and 

do not   contr ibute   s ignif icant ly  t o  t h e  development  of tens ion   in   the  muscle." 

Rather,  they  appear  to be  motor f ibers   re la ted   so le iy   to   cont ro l   wi th in   the   sp indle  

i t s e l f .  From their  microscopic  appearance  the bag f ibers   appear   to  be  normal 

s t r i a t e d  muscle f ibe r s ,  and  hence would be  expected t o  have dynamic and  mechanical 

propert ies  similar t o  those of the  extraf 'usal   f ibers  discussed  in  the  previous 

section. Chain f ibers   lack  the  nuclear  bag region. They have smaller  diameters 

*Intraf 'usal   f ibers  may generate  only a few milligrams of tension even 
when s t imulated  te tanical ly  (ref. 98). 
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and are  connected i n  series and i n  para l le l   wi th   the   nuc lear  bag f i b e r s .  All 
spindles have a t  least one nuclear bag f ibe r ,   bu t  may not have  any chain  f ibers .  

I n  th i s   r epor t  we discuss  only  the  nuclear bag f ibe r s .  

The motor nerves   supplying  the  intrafusal   f ibers  have the i r   ce l l   bod ie s  

s i tua ted   in   the   sp ina l   chord .   Thei r   mons  have a diameter somewhat smaller  than 

that of the  mons of the  nerve  supply to   t he   ex t r a fusa l  muscle f i b e r s .  To d i s -  

t inguish  these two c lasses  of  motor c e l l s ,  axons, and  muscle f ibers ,   the  terms 
"gamma" ( r e fe r r ing   t o   t he   sp ind le  motor  system)  and  "alpha"  (referring t o   t h e  

main muscle  motor  system) are used. 

The motor  and sensory  fibers  supplying muscle sp indles  can  be summarized as 

follows : 

Seneory innervation- Two d i s t inc t ly   d i f f e ren t   s enso ry   f i be r s   a r i s e  from the 

muscle spindle;   the  larger of these,   the  primary  ending  (also  referred  to as the 

"annulospiral  ending" o r  Type 'La af fe ren t )  , apparently  can have multiple  origins 

in   the  spindle ,   i .e . ,   can have i t s  endings imbedded i n  both  the  nuclear  region of 

the bag f i b e r  and the  chain  f ibers .  Each spindle  usually  has a single  primary 

ending,  and th i s   a f fe ren t   innerva tes   bu t  a single  spindle.  The secondary  endings 

(also  called  "flower-spray" o r  Type I1 a f fe ren t s )  arise from  the  nuclear  chain 

fibers,   with  occasional  branches  to  the bag f ibers ,   bu t  khese  never  terminate a t  

the bag region.  Secondary f i b e r s  may be traced back t o  more than one spindle. 

The mons   a r i s ing  from  secondary  endings  are  smaller i n  diameter  than  those  from 

primary  endings. 

Motor Innervation-Considerable  disagreement  and  confusion have a r i sen  con- 

cerning  the motor innervation of the  spindle,   but  there i s  now a general  consensus 

tha t   t he re   a r e   fou r   d i s t i nc t ly   d i f f e ren t   f i be r   t ypes :  

0 "Gamma-plate" f i b e r s ,  which a re  gamma s i z e  motor f i b e r s  
which terminate   in   the  polar   regions of the bag fibers 
with  platelike  endings, and may also  terminate   with 
p l a t e s  on the  chain  f ibers .  

a "Gamma-trail" f ibe r s ,  which terminate more cent ra l ly ,  
p r inc ipa l ly  on the  chain  f ibers  with  diffuse  endings,  
but   possibly  a lso have similar endings on bag f i b e r s   i n  
the  equatorial   regions.  

0 "Beta" f i b e r s ,  which  end i n   t h e  extreme polar  regions of 
the bag f i b e r s  and are be l ieved   to  be c o l l a t e r a l s  of 
alpha motor c e l l  axons  going t o  ex t r a fusa l   f i be r s  (ref. 38) .  
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0 The gamma-plate  and gamma-trail  endings a re  now held  to  
be large gamma s i ze   f i be r s ,   bu t   t he re  i s  i n   a d d i t i o n  a 
smaller gasma s i ze  motor  supply whose funct ion i s  not 
understood. 

I n  this  report  we discuss  only the behavior of the larger  diameter  primary 

endings-how they  respond t o  changes i n  muscle length and gamma a c t i v i t y .  

Before summarizing the  physiological  behavior of the primary  ending, we must 

first indicate  something  about the r e l a t ion  between  mechanical  events a t  the  

nuclear bag region and the electrical   events  in  the  sensory  annulospiral   nerve 

endings. Much evidence has been  accumulated  which indicates  that  mechanical 

deformations of sensory  terminals  lead  to the development of e l e c t r i c a l   p o t e n t i a l  

f i e l d s  a t  the  terminals which are d i rec t ly   p ropor t iona l   to   the   s t rength  of the 

deformation  (ref. 28). These generator   potent ia ls   are   in   fact   very  accurate  

mappings of the  forces  operating on the  terminals and can  follow  rather  high 

frequencies of change i n   t h e  deforming  stimulus. The f ie lds   a re   an   inherent  

property of the receptor membrane i t s e l f ,  and the f ie lds  a r e   u t i l i z e d  by the 

sensory axolz i n  the production of nerve  impulses in   special ized  t r iggering  regions 

near  the  receptor  endings. Nerve impulses, in   fac t ,   a re   genera ted  a t  a r a t e  

d i rec t ly   p ropor t iona l   to   the  magnitude  of the  generator   potent ia l ;  hence, there  

i s  a continuous  transmission of impulses a t  a frequency which i s  a l inear   func t ion  

of t ha t   po ten t i a l  and  hence  of the  strength of the deformation. The system 

exhibi ts  a high  degree of s ens i t i v i ty   t o   l eng th  changes; a s igni f icant  shif t  i n  

fir ing  frequency can r e s u l t  from length changes of only a few microns (ref. 2 9 ) .  

We can  use this  re lat ionship t o  reconstruct  the  time  course of tension changes a t  

the  nuclear bag region  from  observed  trains of nerve  impulses. 

Response groperties of the  primary  ending - In   t h i s   s ec t ion  we w i l l  b r i e f l y  

consider some  of t he   da t a  concerned with input /output   re la t ions i n  the  primary 

(annulospiral)  end.ing of the   sp indle .   F i r s t  w e  w i l l  consider  the  steady-state 

re la t ions  between the  f i r ing  f requency  in   the  spindle  Type la axon as a funct ion 

of muscle length, and how t h i s  i s  influenced by gamma a c t i v i t y .  Next we w i l l  

present  data  regarding  the  response of the primary  ending t o   t r a n s i e n t  changes i n  

muscle length, and how such  responses  are  modified by gamma ac t iv i ty .   F ina l ly ,  

we w i l l  consider  the  response of the  primary  ending t o   s i n u s o i d a l   s t r e t c h i n g   i n  

the  presence of gamma stimulation. 
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The primary  ending of a spindle  usually shows some sponhneous  discharge  even 

when the   ex t ra fusa l  muscle  fi.bers are a t  t h e i r  normal res t ing  body length.  This 

i s  presumably due t o  a small amount of res idual   tenslol l   in   the  spindle .  Even i n  

the  absence of  any  motor signals  from  the  cord,  this  spontaneous  rate of f i r i n g  

in   the   sp indle  w i l l  incrbase  monotonically as a function of increasing muscle 

length  (from a f e w  pulses per  second t o  a hundred o r  more pulses  per  second).  This 

arises because  the  disposition of the  spindle  within  the muscle s e r v e s   t o  trans- 

mit length changes i n   t h e  muscle t o   t h e  bag  region where the change i s  re f lec ted  

as an increase   in  bag tension.  Conversely,  shortening of the muscle ( e i t h e r  

passively or i n  response t o  an  alpha motor command s ignal)  w i l l  reduce  the  tension 

on the  bag and hence  reduce the  spindle Type Ia sensory  f iber  f ir ing  frequency. 

Control of spindle  response by gamma motor f ibers  -As d i scussed   ea r l i e r   i n  

th i s   sec t ion ,  a number  of gamma f iber   types have  been observed  histologically, 

although  there i s  some controversy  over  their   roles and interconnections. O u r  

in terest   here   centers  on the two gamma f iber  types ident i f ied  and s tudied   in  

references 32 and 67. There,  these two f iber   types  (cal led  "dynmic" and " s t a t i c "  

fusimotor  fibers*) were d i f fe ren t ia ted  by their  e f f ec t  on the  reskaiibe of the 

primary  ending t o  s tep  veloci ty  changes i n   t h e  muscle length. However, s t a t i c  or 

dynamic f iber   s t imula t ion  had similar 2 f fec t s  on the  s teady-state   sensi t ivi ty ,  

i . e . ,  r e l a t ion  between  primary  ending firing r a t e  and  muscle length.  Stimulation 

of e i ther   kind of gamma fiber  uswdly  displaced  the  frequency/extension  curves 

upward without  appreciably  altering  their   slope.  A typ ica l  example i s  shown i n  

f igure  18. 

90/sec 
50/sec 

Figure 18. Frequency/Extension Curve f o r  Primary Ending 
(Adapted  from ref. 32) 

%Jnfortunately, we a re   no t   j u s t i f i ed  as y e t   i n  uniquely  identifying  the 
physiological ly   ident i f ied dynamic o r   s t a t i c  gamma f ibers   wi th   the   p la te  and trail 
endings'  defined  anatomically. 
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To i l lustrate  the   d i f f e ren t i a t ion  of s t a t i c  and dynamic gama f ibe r s ,  first 

consider  the p r b r y  ending  response t o  a s t ep .ve loc i ty   i npu t   i n   t he  absence of 

gamma f iber   s t imula t ion .  The form of the  transient  response of the primary  ending 

f i r i n g  rate is shown i n  figure 19, where instantaneous  f i r ing frequency* i s  

plot ted  versus  time. The input i s  a s tep   ve loc i ty  which lasts until the muscle 

has been s t re tched 5mm and i s  then  terminated.  Prior  to  stretching  the  sponta- 

neous f i r i n g  rate i s  fo.  Then there  i s  a transient  response t o  the  s tep  veloci ty  

input.  Soon t h e   f i r i n g  rate reaches a steady  rake of increase  during  the  stretch- 

ing  velocity.  A t  the  termination of s t re tching  the peak firing ra t e  i s  fp.  After 

a t r ans i en t  decay the new steady-state firing rate i s  f f .  A measure of the veloci ty  

sens i t i v i ty  i s  given by fp  -ff (ca l led   the  "dynamic index"), whereas a measure of 

s teady-s ta te   sens i t iv i ty  i s  given by f f  -fo ( p l o t t e d   i n   f i g .  19).  

""" 

f P 
Instantaneous 

Firing 
Frequency 

- f f  

fo 

0 I 
0 

time - 
Figure 19. Response  of the Primary Ending 

t o  a Step  Velocity  Input  to Muscle 

Stimulation of a dynamic gamma f i b e r  has a much l a r g e r   e f f e c t  on the dynamic 

index than does s t a t i c   f i be r   s t imu la t ion ,  as shown i n   f i g u r e  20. The data have 

been p lo t ted  as the dynamic index  versus  f iber  st imulation  frequency  for  various 

9 e f i n e d  as the  reciprocal  of the time in te rva l   s ince   the  immediately 
preceding  spike  potential. 
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v e l o c i t i e s   i n  figures 20a  and 20b. A t  any constant   veloci ty ,  m a m i c  f i b e r  

stimulation  produces a l i nea r   i nc rease   i n   t he  dynamic index or veloci ty   sensi-  

t i v i t y .  However, s t a t i c  f iber  s t imulat ion  has   essent ia l ly  no e f f e c t  on the 

dynamic index  other  than  to  cause it to   dec l ine   s l i gh t ly .  

In   f i gu res  20c  and 203 the dynamic index i s  p lo t ted   versus   ve loc i ty   for  

various  st imulation  frequencies.  For a constant dynamic f iber   s t imula t ion  

frequency,  the dynamic index i s  a funct ion of veloci ty .  A t  the  lower ve loc i t ies ,  

the  slope of t h i s  function  increases as dynamic f iber  s t imulat ion  ra te   increases .  

A t  higher  frequencies these curves have e s sen t i a l ly  the sme  s lope.   ( In  the d i s -  

cussion of models i n  subsequent  sections w e  w i l l  be more in t e re s t ed   i n   t he  small 

s ignal   behavior ,   i .e .  , low ve loc i t i e s . )  Note t h a t  s t a t i c  f iber  stimulation  pro- 

duces a s l igh t   dec l ine   in   the  dynamic index. Thus the dynamic f i b e r  has a strong 

e f f e c t  on the dynamic index,  whereas  the s t a t i c   f i b e r  has   essent ia l ly  no e f f e c t  

a t  the  higher  stimulation  frequencies. 

Some limited  results  for  the  response of the primaqr ending t o  small amplitude 

sinusoidal muscle stretching  in  the  presence of dynamic f iber   s t imula t ion  are 

given in   reference 67. These r e su l t s   a r e  shown in   f i gu re  21 f o r  a 0.lmm peak-to- 

peak sinusoidal  stretching.  In  the  absence of any stimulation,  the  primry  ending 

responds i n  a sinusoidal  fashion,  but  only  to  lengthening, i . e . ,  it becomes s i l e n t  

for   shortening.  However, wi th  dynamic fiber  st imulation  the  sinusoidal  primary 

ending  response is  biased upward about a s t a t e - s t a t e   l eve l   ( r e f l ec t ing   t he   f i g .  19 
r e su l t s ) .  The phase of the  response i s  about 40° t o  60° and appears t o  be inde- 

pendent  of dynamic fiber  st imulation  frequency.  Other  results  discussed  in ref. 67 
indicate  that the  phase  angle i s  not  appreciably changed by d i f f e ren t  dynamic 

f iber   s t imulat ion  f requencies .  

Length -A "-4- 
Stim. Dynamic 

(100/sec) time - 
0.1 mm 

Figure 21 . Response of the Primary Ending 
t o  Small Amplitude Sinusoidal  Stretching a t  2 Hz 



Note that for the  particular  frequency (2 Hz) and stretching  amplitude (0.1 mm 

peak-to-peak)  used i n   f i g u r e  21 , the  instantaneous  peak  stretching  velocity i s  

about 0.63 m/sec. A.movement of t h i s   s i ze   r ep resen t s  a small s ignal   per turbat ion 

when compared with  the movements i n   f i g u r e  19 and the   da t a   i n  figure 20 where the 

f inal  length  corresponds  approximately t o   t h e  maximum muscle length i n  s i tu .  Thus 

the  lower  velocity  portions of t he   da t a   i n   f i gu re  20 are c l o s e r   t o  a small s igna l  

analysis   than  are   the  large  veloci ty   port ions.  Conceivably, the  nearly  equal 

slopes of the  curves   in   f igure 20c at high  velocity may reflect  nonl inear i t ies .  

Spindle interconnections -The sensory  f ibers  leaving  the muscle spindle  enter 

the  spinal  cord and  form direct   synaptic  connections  with  the motor  neurons  supply- 

ing  the muscle i n  which the  spindle i s  imbedded ( f i g .  2 2 ) .  The nature of t h i s  

monosynaptic  coupling i s  such that   increases   in   spindle   f i r ing  f requency  generate  

increases  in  the  corresponding motor  neuron firing  frequency, and hence produce 

increasing motor unit con t rac t i l e   fo rces  or res i s tance   to   s t re tch .  .The spindle 

axon a l so  makes  more complex connections which effect ively  inhibi t   the   antagonis t  

pool of motor  neurons.  This  reveals  the  underlying  importance of the  spindle/ 

motor-neuron  feedback  loop in   s t ab i l i z ing   t he   l eng th  of the muscle.  Influences 

tending,  for example, to   increase  the  length of the  muscle,  such  as  sudden 

increases  in  load, augment spinfile  activity which reflexively  generates motor 

command s ignals   tending  to   res is t  changes i n  length.  

The Golgi tendon organs -Almost as numerous as the  spindle  receptor  organs 

i n  a muscle are  the  Golgi  tendon  organs. From a few t o  as many as a thousand,  they 

a re   loca l ized   in   the  muscle a t  the tendon inser t ions .  Like the  spindle  receptors, 

they  are  deformation-sensitive. About 0.3 mm in   l eng th  and 0.1 mm in  thickness,   they 

are s t ruc tura l ly   qu i te   d i f fe ren t  from the  spindles,  consisting  mainly of nerve 

terminals  reaching  the  tendon  fascicles which a re  suProunded by a sheath. As  ye t  

there i s  no clear-cut  evidence  that   the  afferents  arising from these  receptors form 

dis t inc t   c lasses ;   therefore ,   the   d i scuss ion   tha t   fo l lows  w i l l  refer t o  only one 

s ingle   c lass  of a f f e ren t   f i be r s ,   t he  Type I b  axons. 

The  Type Ib  axons are   large (8 pm t o  12 pm) Wel ina t ed   f i be r s  having  conduction 

ve loc i t i e s  of 75 -1 20 m/sec. The receptors   are   act ivated by s t r e t c h  or tension 

on the  tendon, and are presumed t o  have propert ies  of impulse  generation  via 

generator   potent ia ls   s imilar   to   those  descr ibed  for   spindles .  Under steady  appli-  

cat ions of tension,  the  Golgi  organs  continue t o   f i r e  impulses indefinitely  without 
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Figure 22. Reflex Arcs of Muscle Spindle 
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appreciable  adaptation (refs. 9, 3 3 ) .  Further,   their   response  to muscle length 

changes  has ra te-sensi t ive as well as steady-state components. 

The differences between Golgi  organs  and  spindles are quite  remarkable.  There 

i s  no evidence, f o r  example, of any e f f e ren t  motor cont ro l  of Golgi s e n s i t i v i t y  

comparable t o   t h e  gamma innervation of spindles.  A major difference l i es  i n  the 

d i f f e r e n t i a l   s e n s i t i v i t y  of the  Golgi  organ  to  passive as opposed to   ac t ive   t en-  

s ion i n  the muscle. Many Golgi  organs  remain  inactive when the  muscle i s  passively 

stretched, even a t  f u l l  physiological  extension of the muscle, a t  which time the 

equivalent of several hundred grams of tension  are  developed. Thus, the  threshold 

to   pass ive   ac t iva t ion  may be quite  high. I n  contrast ,   the   react ion t o  motor stimu- 

l a t i o n  of the muscle shows that Golgi  organs w i l l  be ac t iva ted  a t  much smaller 

over-al l   tensions of the  whole muscle. For example, a tendon organ which i s  s i l e n t  

during  passive  extension of the muscle  which generates 600 grams of tension w i l l  

respond t o  a motor-nerve-evoked twitch  in   the muscle whose peak  tension i s  l e s s  

than 100 grams.  Indeed, it has  been shown that  the  tendon  organ  can  respond t o  

tensions  actively  generated by one or two muscle f i b e r s  or a single  motor u n i t   i n  

ser ies   with it ( r e f .  35). I n   p a r t ,   t h i s  i s  due to   the   ra te -sens i t ive   e f fec t  of 

the  twitch,   but even when r a t e  i s  not a f ac to r ,  as when the muscle i s  t e t an ica l ly  

s t imulated  to  a constant  tension,  the  Golgi organ is  charac te r i s t ica l ly   ac t iva ted  

by less   than 200 grams of tension (refs . 34, 35) . 
This  str iking  difference  in  response  to  passive  versus  actively  maintained 

tensions i s  i n  a sense  an a r t i f a c t  of the measurement process,  since  the measure- 

ments i n  an experiment  are made a t  the bony inser t ion  of the muscle.  There the 

net  forces  acting  along  the main axis of the muscle a re   usua l ly   no t   in   the   d i rec-  

t i o n  of the main ax i s  of the muscle f i b e r s .  The passive  versus  active  tension 

difference,  then, i s  due pr imar i ly   to   the   d i f fe rence   in   the   d i s t r ibu t ion  of forces 

ac t ing  on the  tendon  organ when the  tension i s  induced by d i f f e ren t  means. Motor 

stimulation  produces  forces  along  the muscle f i b e r s  which a c t   i n  a l ine  with  the 

tendon, but  may be only   par t ia l ly   represented   in   the  bony inser t ions .  

If the muscle tension (measured a t  the  inser t ion)  i s  p lo t ted   aga ins t   the  

f i r i n g  frequency of t he  Type Ib a f fe ren t ,   then   for   bo th   ac t ive ly  and passively 

produced  tension  the  relationship i s  l i nea r ,  as can be seen  from  figure 23.  The 

active  tension  curve  usually  has a s lope   essent ia l ly   the  same as t h a t  of the 

passive  curve,  but it i s  sh i f t ed   t o   t he  l e f t ,  which i s  equivalent  to  having a 
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Figure 23.  Steady-State  Firing  Frequencies of Golgi Organ 
as a Function of Tension 
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lower  thre.shold. If an i n i t i a l   t e n s i o n  i s  placed on the  muscle by passive 

extension,  then  the  plot   of  total   tension  versus  f ir ing  frequency is sh i f t ed  

t o   t h e   r i g h t  with the  same slope, and t h e  magnitude  of t he  shift  i s  such that,  
again,  fn  the  steady-state  the  generally  observed  response i s  e s sen t i a l ly  a 

measure  of  active  tension,  although i n  some receptors it could  be more 

accurately  described as t o t a l   t e n s i o n .  

Like  spindle  afferents,  Golgi  organ  afferents can f i r e  a t  qui te   high  ra tes  

(several   hundred  pulses  per  second),   and  their   mamic  responses have a l so  been 

quan t i f i ed   ( r e f s .  35, 1 0 1 ) .  Centrally,   the Type Ib axons make polysynaptic con- 

nections and, at least  in  the  case  of  extensor  muscles,  the  central  connections 

a re   i nh ib i to ry   t o   t he  motor  neurons  supplying  the  muscle i n  which the  tendon 

organ i s  located.  Thus, in   the  act ive  generat ion  of   tension  in  a muscle, a 
closed-loop  negative  feedback  loop i s   a c t i v a t e d  which tends   to  l i m i t  t h e   t o t a l  

tension  production in  the  muscle. A t  present the physiological  significance  of 

t h i s  Loop i s  speculative,  but it may be t h a t ,   i n   a d d i t i o n   t o   i t s   r e g u l a t o r y  con- 

t r ibu t ions   ( see   quant i ta t ive  models i n   r e f s .  103 and lob ) ,  this  negative  feed- 

back, o r  "autogenetic  inhibition" as it i s  sometimes cal led,  may serve t o  

protect   the  muscle  from a tension  overload which  could tear   the  tendon.  

It should be reca l led  that unless  the gamma output of the  spinal   cord  increases  

during  alpha  activity,   spindle  discharge w i l l  decrease  (e  .g. ,   the  "silent  period" 

of the  spindle  during a twitch  contraction) when the muscle contracts.  Conversely, 

the  tendon  organ  discharge  increases during a twitch, and t h i s  difference i s  a 

useful   ident i fying  character is t ic  of the two types of receptors.  Both tend  to  

increase  their  discharge  during  lengthening of the muscle. 

Between  them, the  spindle and  tendon  organs  generate a continuous  stream of 

length and tension  information  to  the  spinal  cord and. higher  centers. 

GeneraJ. fea tures  of spinal  cord  organization.-The  central  nervous  system 

consis ts   of   the   brain and the  spinal  cord which i s  a t tached   to  it i n  the 

region  of  the  medulla. The spinal  cord,  throughout i t s  length, i s  surrounded 

by the  bony ver tebra l  column, a union of separate bones  which e f f ec t ive ly  

define a sequence of spinal  cord segments. A t  the   s ide  of each  vertebra 

there   a re  two openings  through  which a l l  the  sensory  nerves  enter and all 

the motor nerves  leave  that   section of the  cord. The sect ions of the  chord 

thus  consist  of 8 cervical., 12 thoracic ,  8 lumbar, and 5 sac ra l  segments. The 

47 



cord is considerably  enlarged at the   cerv ica l  and lumbar levels, a t  which point 

the  respective  nerves  supplying  the  muscles of the  arms and legs  are  located.  A 

cross  section  through  the  cord shows the   i n t e rna l   pa t t e rn   t o   cons i s t  of bu t te r f ly-  

shaped  gray matter surrounded by white matter. The gray  matter i s  &e up  of 

dense  coilections of c e l l  bodies,  while  the  white matter consis ts  of axon t r a c t s  

t ravel ing up and down the  cord,  the nl;yelin of each axon contr ibut ing  to   the  white  

appearance.  Incoming  sensory  axons arrive  via  the  dorsal   root,   while  outgoing 

motor f ibers   leave  via   the  ventral   root .  It has already been pointed  out that 
the motor  neurons of the  gray  matter  tend  to  aggregate  in  groups,  or  nuclei,  that 

have functional  significance.  These cel ls   are   easi ly   recognized under a micro- 

scope, as they  are by far the   l a rges t   ce l l s   v i s ib le  in the  cord. 

Organization of the g m y  matter -A number of schemes are in   exis tence which 

divide  the  spinal  gray  and  white  matter  into  geographical  regions on the   basis  of 
the morphology of the  neurons  involved (refs . 36, 37) . An example of one of the 

most useful  schemes i n  mammalian research i s  ,shown i n . f i g u r e  24. Region IX i n  

this  f igure  corresponds  to  the  region of la rge  motor  neuron ce l l s ;  each of the 

other  regions of the  gray i s  earmarked by some per t inent   s t ruc tura l   fea tures  of 

the  cells   involved. 

This  type of anatomical  subdivision  can be contrasted  with  physiological  or 

functional  subdivisions of the  cord  in which regions of the  cord  are  delineated 

on the  basis  of funct ional   s imilar i ty .  A s  might  be  expected,  there i s  of ten 

considerable  correspondence  between  these two techniques. 

In the  dorsal  horn of the  gray  matter  (e.@;., Zones I - I V  of f i g .  24) a r e   c e l l s  

primarily  concerned  with o r  under  the  domination of sensory  input pathways from 

the  dorsal   root  f ibers.* From some of these   ce l l s   a r i se   mons  which pass i n t o  

the  white  matter,  aggregating t o  form pathways connecting  local  spinal  regions 

(propriospinal  pathways) or pathways re lay ing   in formt ion   to   h igher   cen ters .  

A t  more intermediate  regions of the  gray  matter  are  located  interneurons, 

ce l l s   ly ing   in   the   in tegra t ive  pathways  between sensory  input  and motor output. 

They my  receive  input from  the  periphery ( f o r  example,  from skin  receptors, 

j o i n t  position receptors,  o r  muscle receptors) ,   as   wel l  as from the  sensory 

*The cel l   bodies  of a l l  incoming  sensory mons are   actual ly   outs ide  the CNS, 
strung  along  the  vertebrae i n  swellings,  or  ganglia, a t  each  spinal  level.  
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Figure 24. Regional  Division of Spinal Gray Matter 
a t  the Sixth Lumbar Level  (After Ref. 36) 
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centers  i n  the  midbrain  (e.g.,  the  vestibular  system),  the  higher  integrative 

centers  (e.g.,  the  cerebellum), or the   cerebral   cor tex.  

Certain  specif ic   regions  ( for  example,  Area VI11 i n   f i g .  24) may abound i n  

c e l l s   s p e c i a l i z i n g   i n  communication with the o ther   s ide  of the  spinal  cord,  

both  receiving mons from and sending axons to   the   oppos i te   s ide .  

The  gamma motor neuons  discussed  in   the  preceding  subsect ion  are   located  in  

the same region as the  corresponding  alpha motor  neurons,  but no obvious pa t te rn  

of d i s t r ibu t ion  has been  observed. 

Organization of the white IUtter  -In addi t ion   to   p ropr iosp ina l  pathways 

located  in  the  white mattel' ( re fs .  4, 6 8 ) ,  a number  of very  important  long  path- 

ways, both  ascending  and  descending, occupy standard  locations  in  the  chord. They 

are the  "dorsal  CO~LLIMI~ pathways  which carry  touch,  pressure, and jo in t   pos i t ion  

information t o  cor t ica l   l eve ls ;   the   "sp inocerebe l la r"  pathways  which carry a 

var ie ty  of proprioceptive  information  (including  thet  from  spindles)  to  the  cortex 

of the  cerebellum;  and  the  "spinothalamic" pathways  which carry  touch,  pressure, 

pain, and  temperature  information t o   t h e  midbrain,  the  thalamus,  and,  ultimately, 

the  cerebral   cor tex.  

There are a considerable number  of descending  pathways whose funct ions  are  

not  clearly  understood (refs. 4, 69). The most important of these are the 

"vestibulospinal"  path  through which, apparently,   spinal motor  systems are enabled 

t o  compensate f o r  motions of the body i n  space; the "cerebellospinal"  paths which 

therefore  provide a closed  spinocerebellar  loop;  the  llrUbrospinall'  paths  from  the 

red  nucleus i n   t h e  midbrain, an area implicated in the   cont ro l  of gamma ac t iv i ty ;  

the  "ret iculospinal"   paths  from the midbrain  and  medullary reticular  formation, a 

complex in tegra t ing   cen ter  a l s o  concerned with gamma control;  and the  "cortico- 

spinal"   paths   ar is ing from the  sensory and motor cor t ices  and concerned  with 

control  of sensory and  motor functions a t  the   sp ina l   l eve l .  

hllCtiorl8l  patterns O f  ac t iv i ty  in  the 6pi-l O o l t d  -In view of the elaborate 

connections which the spinal  cord makes with  higher  centers, it i s  somewhat sur- 

pr i s ing  that the sp ina l   cord   i t se l f ,  when a r t i f i c i a l l y   i s o l a t e d   i n  experimental 

procedures, is capable of exhibit ing a wide var ie ty  of complex and autonomous 

a c t i v i t y  (refs. 52, 34). For example, in  experimental animals such as the dog 

appropriate  st imulation of the  foot  pads w i l l  e l i c i t  coordinated  walking movements 
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of the   four   l egs ;   t i ck l ing  of the flank w i l l  provoke scratching movements of an 

appropriate limb d i rec ted  a t  the sowce of i r r i t a t i o n .  These observations of 

isolated  spinal  cord  reflexes  suggest that complex integrated motor pa t te rns  

involving  large  sections of the chord, and high  level   pat tern-recogni t ion  abi l i ty ,  

a re  already incorporated  into th i s  l e v e l  of organization.  Indeed, it appears that 
much of the in t r ins ic   o rganiza t ion  of the  isolated  cord i s  based on a hierarchy 

of func t iona l ly   s ign i f icant  reflexes. 

The most elementary of these   re f lexes ,   in  terms of its minimum organization, 

has already been referred t o   i n  our  discussion of sp indle   ac t iv i ty .  This i s .  

the monosynaptic o r  s t r e t ch   r e f l ex   ( a l so   ca l l ed   t he  "myotatic  reflex"), so ca l led  

because  anatomically it i s  a closed  arc  involving a s ingle  synapse ( tha t  between 

the  annulospiral   afferent  and the motor  neuron  back t o  the muscle) and it i s  

excited by s t re tch ing  the muscle. Because the connection i s  exc i t a toq ,   i nc reas -  

ing  tension on the muscle, which tends  to   increase i t s  length, i s  m e t  by an 

increas ing   ac t ive   cont rac t i le   res i s tance .  The s t r e t ch   r e f l ex  i s  commonly t e s t ed  

c l i n i c a l l y  by such maneuvers as tapping  the  tendon a t  the kneecap,  which  provides 

sudden e x c i t a t i o n   t o  the extensor  muscles of the leg and causes  the familiar 

knee- jerk  response. 

A concomitant  of t h i s  monosynaptic re f lex  i s  a simultaneous  multisynaptic 

r e f l ex  which inhibits the  antagonist  muscles. 

A s t r i k ing  phenomenon t o  be observed in  spinal  animals showing ac t ive   s t r e t ch  

ref lexes  i s  the  so-called  clasp-knife  reflex  (or  "inverse  myotatic  reflex").  This  

occurs when t h e   s t r e t c h   t o  a muscle  exceeds a c r i t i ca l   va lue ,  a t  which point  the 

muscle ceases i t s  r e s i s t ance   t o   s t r e t ch  and passively  relaxes and extends. This  

i s  due t o  a multisynaptic  arc which inh ib i t s  the motor  neurons  innervating the 

s t re tched muscle,  and  which i s  driven by a c t i v i t y  i n  the Golgi  tendon  organs 

which a re   a l so  stimulated by s t re tching of the muscle. The func t iona l   s ign i f i -  

cance of t h i s  r e f l ex  i s  not   en t i re ly   c lear ,   bu t  it i s  argued by some that t h i s  

ref lex  serves  a protect ive  funct ion of preventing  overload of tension which  might 

tear the muscle. 

Another re f lex  of protective  significance is the "f lexor  reflex," and it i s  

encountered i n  a l l  s i tua t ions  where a limb i s  subjected  to   paipful   s t imulat ion.  

Such stimuli evoke a c t i v i t y   i n  smaller diameter   f ibers  which make contact w i t h  

interneurons of the  cord. The intemieurons i n   t u r n  radiate their  ou tpu t   t o  a l l  

51 



f lexor  muscles of the  limb i n  question,  producing a withdrawal  from  the  threatening 

stimulus . 
Just as the  inverse  myotatic reflex can  override  the  myotatic ref lex, the  

f lexor   re f lex   represents   the   h ighes t   p r ior i ty  reflex in   t he   co rd  and w i l l  over- 

r i de  any other  reflex  responses  in  progress.  It a l so   s t ands   f a r the r  up i n   t h e  

heirarchy of sp ina l  reflexes insofar  as it coord ina te s   ac t iv i ty   i n  a widespread 

group of muscles  with common funct ional  ( i .e. ,  f lexor )   p roper t ies .  It a lso   l acks  

the   spec i f i c i ty  of the two previous  reflexes  because  any  noxious  stimulus t o  any 

p a r t  of the limb w i l l  e l i c i t   t h e  response. An interest ing  adjunct  of t h i s   r e f l e x  

a l so   r e f l ec t s  i t s  more general   character.  As might be imagined, when the   foo t  of 

an animal encounters a painful   object  and reacts   with a protective  flexor  response, 

the  weight of the  animal 's  body i s  suddenly  thrown on the remaining feet  and 

considerable   res tabi l izat ion i s  necessary. The "crossed-extensor" reflex, which 

accompanies the  f lexor   ref lex,   appears   to   provide t h i s  compensation by increasing 

the  extensor  tone of limb  muscles on the opposite  side of the body. 

Propertles of epdnal networks -Recent careful  study of these   re f lexes   in  

t h e i r   r e l a t i o n   t o   a c t i v i t y   o c c u r r i n g   i n   s i n g l e  neurons of the  spinal  cord  reveals 

some general  themes i n  the structure of small groups of neurons which are  adapted 

t o  the information-processing  activit ies of the cord which  shape t h e   f i n a l  motor 

output .   Firs t ,  we note  the  widespread  occurrence of "reciprocal  innervation," 

i .e.,  the  concomitant  excitation of an  agonist  group of muscles together  with 

inh ib i t ion  of antagonists,  and v ice   versa ,   e .g . ,   in   the   s t re tch   re f lexes  (ref.  5 5 ) .  
Second, we see  comonly  the  anatomical  substrate of recur ren t   co l la te ra l   loops ,  

l ead ing   e i ther   to   the   pa t te rn  of "recurrent   inhibi t ion" (ref.  5 6 ) ,  i . e . ,   t he  

inh ib i t ion  of synergis t  motor c e l l s  of the same pool,  apparently  through  an  inter- 

mediate  neuron, o r  t o   " r ecu r ren t   f ac i l i t a t i on"  (ref.  5 7 ) ,  i n  which synergis ts   or  

antagonis ts   are   exci ted by returning  col la teral   loops.  

Another bas ic   pa t te rn  i s  r e fe r r ed   t o  as "presynapt ic   inhibi t ion,"   in  which a 

neuron, of ten a small ce l l   i n   t he   sp ina l   g ray ,  w i l l  be a b l e   t o  raise the effec-  

t ive  threshold a t  selected  excitatory  synapses,  thereby  reducing  their  excitatory 

capacity.  Conversely,  other  synapses may have the i r  thresholds lowered by a 

process of "presynapt ic   faci l i ta t ion" (ref. 34).  Viewed over a large number of 

c e l l s ,  these changes amount t o  a decrease  or  increase  in  gain.  Such mechanisms 

appear  to be commonly employed i n  mode-switching of sensory c e l l s  of the  chord 
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by higher  sensory  control centers. Interneurons i n  the cord  capable of responding 

to   mul t ip le   types  of sensory s t i m u l i  can have the  gain of each mode changed by 

presynaptic  inhibit ion o r  f a c i l i t a t i o n   t o  emphasize transmission of cer ta in   types 

of stimuli (ref. 38) . 
The s t r e t c h  reflex and closed-loop  properties of' muscle.-In a previous 

a r t i c l e   g rea t  stress was pus on the  basic   length/ tension  re la t ions f o r  
ske le t a l  muscle. It was pointed  out   that  t h i s  re la t ionship  is s t rongly 

dependent on the  state of t he  muscle, and t h a t  it undergoes  considerable 

transformation as the  muscle i s  progressively  subjected  to   increasing  f requencies  

of st imulation. The family of curves so obtained, however, i s  applicable  only  to 

the  isolated nerve/muscle preparation, and i n  t h i s  subsection we shall examine 

the changes in   the   l ength / tens ion .   re la t ion  which arise when the muscle i s  ac t ive  

under i t s  normally  innervated  conditions,  for  under  these  circumstances the length 

changes imposed on the muscle w i l l  generate  associated changes in   a f fe ren t   sp indle  

discharge which w i l l ,  i n   t u rn ,   r e f l ex ly  evoke  compensatoqy changes in   a lpha  neuron 

discharge  frequencies.   In  other words, we  now examine the  length/tension  relations 

f o r  muscle  under  closed-loop  conditions i n  which the s t r e t c h   r e f l e x  phenomenon, 

which i s  a feature of closed-loop  behavior, i s  the governing  relation. 

Static  closed-loop  length/tension relations --It i s  now c l e a r  from a number 

of independent  studies  that the normally  innervated muscle displays  length/tension 

charac te r i s t ics  which are not   on ly   qua l i ta t ive ly   d i f fe ren t ,   bu t   a l so  are surpr is-  

ingly  simpler  than  those  associated with i so la ted  muscle. 

An unusually  beautiful  example of th i s  re la t ion  can  be  seen i n  figure 23, 
indicat ing that i n  a muscle  being  lengthened by appl ied  tension  the  re la t ion 

between length and active  tension* i s  l i nea r .  

From avai lable  data it appears that t h i s   l i n e a r   r e l a t i o n  i s  general ly   val id;  

the  slope of the  length/tension  curve, however,  which has been termed the 

"wotat ic   loop  gain"  in  ref.  40, shows considerable  variation from  muscle t o  
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* "Active  tension" i n  t h i s  example means that the passive  contr ibut ions  to  
tension a t  each length have been  subtracted  from  the  total  measured tension. 
Such a manipulation of the data includes the implicit  assumption  that the 
"passive" components of tension are unchanged when the muscle i s  active. 
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muscle, the  values ranging from 20 t o  190 grams of reflex tension  per  mill imeter 

of extension.  This  variation i s  very  l ikely due t o   d i f f e r e n c e s   i n  gamma b ia s  

present,during  the  experiment,  since one would expect  that   the  slope of these 

curves would be  strongly  influenced by gamma ac t iv i ty .  

A t  first, the  s implici ty  of t h i s   r e l a t i o n   m y  seem surpris ing.  However, an 

important consequence  of  feedback i s  t o  make closed-loop  system cha rac t e r i s t i c s  

more l inear   than  the open-loop charac te r i s t ics .  Also, a t  a crude l e v e l  of analysis  

there  is, from  the  data we have already examined, reason t o   s u s p e c t   t h a t   t h i s  

l i n e a r   r e l a t i o n  would arise. It has  been  noted earlier, f o r  example, tha t   there  

i s  of ten a nea r ly   l i nea r   r e l a t ion  between s t a t i c  muscle length and a f f e ren t  

spindle  discharge  frequency.  Furthermore, we have  previously  seen  data  indica- 

t i v e  of a l i n e a r   r e l a t i o n  between  motor  nerve  discharge  frequency  and  resulting 

muscle tensions.  When we note that there  i s  a h ighly   l inear   re la t ion  between 

monosynaptic Type Ia afferent  frequency and  motor  neuron output  frequency, it i s  

c lear   tha t ,   wi th in  a ce r t a in  range, a l inear   s ta t ic   c losed-loop  re la t ion might 

exis t .   This  i s  confirmed  by  other data avai lable  which indicate  that   each of 

these   re la t ions  i s  a l s o   l i n e a r  under  closed-loop  conditions. 

Dp3ami.c pruperties of the closed-loop neuromuscular system -It has  been 

shown that  while  the  length/tension  relation  under  closed-loop  condition i s  not 

grea t ly   a l te red  by changing the  veloci ty  of lengthening of the muscle, there  i s  

a marked change when the muscle i s  allowed to   sho r t en  a t  any ve loc i ty   ( re f .  3 9 ) .  
The hys t e re t i c   d i r ec t iona l   e f f ec t  of changing  muscle length on the  tension  devel- 

oped in   soleus muscle i s  shown i n   f i g u r e  26. Apparently  the  release  curve is  

a l s o   f a i r l y   i n s e n s i t i v e   t o  rate of shortening. The cause of t h i s  phenomenon i s  

1600 
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Figure 26. Closed-  and Open-Loop  Dynamic Length/Tension Diagram 

f o r  Soleus Muscle ( f rom R e f .  39) 
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not  entirely clear, but  probably  involves a t  least two f a c t o r s .   F i r s t ,   f o r  a 
given mscle length  the  spindle   afferents  w i l l  show considerably less a c t i v i t y  

during  shortening than during  lengthening. Second, the  force which a muscle can 

develop  depends on i t s  veloci ty  and d i rec t ion .  

Preliminary studies of the  closed-loop  behavior of t he   s t r e t ch  reflex using 

s inusoidal  changes in   l eng th  or tension of t h e   m s c l e  and recording  length and 

tension  ( refs .  60 -62, 6 3 ) ,  EM2 a c t i v i t y   ( r e f s .  61 -64) , and spindle  discharge 

pa t te rns   ( re fs .  63 - 67) have recently  appeared and should  eventually  prove  useful 

in   der iv ing  improved  models f o r   t h i s  system. 

Comand s igna ls  i n  the  closed-loop  control of movement.-Having considered 

the  special   sensory and  motor components present a t  the sp ina l   l eve l   fo r  

closed-loop  control of muscle, and how the  presence of these  elements 

changes the   e f fec t ive   p roper t ies  of ske le t a l  muscle  by v i r tue  of t he i r   cen t r a l  

connections, we now consider how these  elements can be u t i l i zed   fo r   e f f ec t ive  

control  considered  earlier f o r  eye movement , there  may be  changes in   l oad  or i n  

the  operat ing  character is t ics  of the  neuromuscular  elements  themselves. 

Because of inherent  experimental  limitations  in  present-day  neurophysiological 

techniques, it has not   ye t  been poss ib le   to   ob ta in   s ign i f icant  amounts of informa- 

tion  about  the  closed-loop  behavior of neuromuscular  and  sensory  elements i n  humans 

performing s k i l l e d  movements.  However, some recent   s tudies  of the  respiratory 

motor  system i n  experimental animals have furnished  data  of undoubted s ignif icance 

to  the  understanding of human voluntary motor control .  

The advantages of studying  the  respiratory motor  system are that the important1 

elements  can  essentially be observed  simultaneously,  and that the  basically  auto- 

matic features of t h i s  system, the   per iodic   in f la t ion  and def la t ion  of the  lungs, 

are  not  appreciably  perturbed by experimental  procedures. Because t h i s  system 

involves  loops  not  found, for example, i n  manual tracking, we sha l l   ou t l i ne  f i r s t  

some of i t s  organizat ional   features .  

Many muscles are involved in   r e sp i r a to ry   ac t iv i ty ,   bu t  we w i l l  consider  here 

only  the  intercostal  muscles which e f f e c t  an increase or decrease  in   the volume 

o f  the  chest  by moving the   r ibs ,  and the diaphragm  muscles which push down on the 

viscera  during  inspiration. 
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The function of t he   r e sp i r a to ry   con t ro l   cen te r s   i n   t he   b ra in  i s  t o   r e g u l a t e  

t h e   l e v e l  of oxygen and  carbon  dioxide i n   t h e  blood,  and t h i s  i s  achieved  by 

changing the   vent i la t ion   ra te   o f   the   lungs  by varying  the  rate and/or the  depth 

of resp i ra t ion .   In   qu ie t   resp i ra t ion   on ly   the  muscles  of  inspiration  are  used, 

and expiration  occws  passively due t o   e l a s t i c   r e c o i l  once the  act ion  of   the 

inspiratory muscles  has  ceased. In  heavier  respiration  the  muscles  of  expiration 

become ac t ive .  

One of  the most potent stimuli to   i nc rease   r e sp i r a t ion  i s  an e leva ted   l eve l  

of  carbon  dioxide, which apparently  stimulates  chemosensitive  neuronal  elements 

i n   t he   b ra in  stem di rec t ly ,  and also  s t imulates  a network of chemosensitive  cells 

l oca t ed   i n   t he  walls of  several  major  blood  vessels, whose output also reaches 

the   b ra in  stem. These a re  connected t o   b r a i n  stem networks  of  neurons which a re  

intrinsically  organized  to  produce  alternating  bursts of impulses  which a re  

t ransmi t ted   to  motor  neurons in   t he   sp ina l   co rd .  The organizat ional   detai ls   of  

these  brain stem  netowrks are  not  well  understood,  but  experiments  suggest  the 

existence  of two mutually  inhibitory  pools of  neurons which are   act ive  pr imari ly  

during  inspiration and expirat ion,   respect ively.  

The control  of respiratory volume i s  effected by several   d i f ferent  means 

( f i g .  27) . F i r s t ,  an increase  in  ‘blood CO2 can  cause  an  increase  in  frequency 

o f  f i r i n g  of an ind iv idua l   ce l l   dur ing   the   insp i ra tory   cyc le .  Second, the  

resp i ra tory   ra te  may be  increased by al ter ing  the  durat ion of the   burs t  and 

the  interburst   period.  Third,   the  antagonistic  action of expi ra tory   ce l l s  

may be  reduced  during  the  inspiratory  phase  but may be  accelerated  during  the 

expiratory  phase.  Fourth,  there  are  apparently a la rge  number of  normally 

inactive  neurons  in  the  brain stem which can  be  recruited  into  an  increased 

resp i ra tory   e f for t ,   thereby   increas ing   the   to ta l   d r ive   to   the   sp ina l   cord .  

From a number of  studies we f ind  that   for   every  s ta te   of   blood  gas   level  

there  i s  a corresponding  output  pattern from the   b ra in  stem  which e f fec t ive ly  

commands the   sp ina l  neuromuscular  apparatus t o   e f f e c t  a maneuver adequate  for 

maintaining a desired  blood  gas  level o r  for of f se t t i ng  any deviations from 

the  optimum leve l  which may have a r i s e n   ( r e f .  41 ) . These commands are  equiva- 

l e n t  t o  a volume of air  t o  be moved i n  and  out of the  lungs.  But even  though 

the  parameters  of  the  output  are  variable,  the  output i s  always pa t t e rned   i n  a 

stereotyped way, with  periods  of  approximately  constant  frequency  nerve  impulse 

burs t s   a l te rna t ing   wi th   s i lence .  
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The f i r i n g   p a t t e r n s  of motor neurons in   the   sp ina l   cord  look similar i n  

many r e spec t s   t o   t hose   i n   t he   b ra in  stem, and electr ical   recordings from 

individual motor  neurons  supplying  the  external  intercostal  muscles  (which 

a re   insp i ra tory)  and the   in te rna l   in te rcos ta l s   (expi ra tory)  show again  the 

al ternat ing  burst /s i lence  pat tern of ac t iv i ty .  Indeed, the  phasing  of  f ir ing 

of these two groups  of  motor cel ls   wi th   inspiratory and expi ra tory   ac t iv i ty  

extends  a lso  to   the gamma motor  neurons in   t hese   poo l s .   I n   f ac t ,  it has  been 

shown tha t   t he   pa t t e rn  of f i r i n g  of t he  gamma c e l l s  i s  c lose ly   r e l a t ed   t o   t he  

carbon  dioxide  level of the  blood,  suggesting  that  the command s igna l  from the  

bra in  i s  re layed   in   para l le l   to   bo th   the   a lpha  and the  gamma system ( r e f s .  42-48). 

From these  s tudies   there  i s  now considerable  evidence  that gamma a c t i v i t y  

s l i gh t ly   l eads   a lpha   ac t iv i ty   i n   r e sp i r a to ry  neurons. The evidence f o r   t h i s  

comes from d i r ec t  simultaneous  observation  of  several  neurons,  but i s  fur ther  

strengthened by the   f ind ing   tha t  when the   dorsa l   roo ts   a re   cu t   ( thereby   in te r -  

rupting  the  spindle  f low  to  the  alpha motor ce l l s )   t he   a lpha   ce l l s  may ac tua l ly  

f a i l   t o   f i r e   d u r i n g   t h e  normal  phase of respiration,  while  the gamma c e l l s  con- 

t inue  to   f i re .*   This   suggests   that   a lpha  discharge may actually  be dependent 

on a considerable amount of gamma-produced spindle  support.  In  addition,  obser- 

vation of spindle  discharge  during  contraction of resp i ra tory  muscles shows 

t h a t ,   i n   c o n t r a s t   t o  what might  be  expected  during  inspiration,  spindle dis- 

charge  increases; we conclude, therefore,   that   increased gamma b ia s   o f f se t s   t he  

unloading  effect of contraction. These observations  apply  to  both  inspiratory 

and respiratory  intercostal   muscles.  

This  parallel   transmission of a command s ignal  from the  brain stem insures 

that  adequate  ventilation w i l l  occur i n   s p i t e  of  changes i n  muscle power, airway 

resistance,  or driving  pressures;   during  the  execution of the command signal,  

any  mismatch  between the  required  contraction  (signaled via the  gamma system) 

and the  actual   contract ion w i l l  be  signaled by the  spindle   afferent  (which 

measures the  difference between "required"  muscle  length and ac tua l  muscle 

length) .  If the  shortening  of  the muscle i s  too small, fo r  example, as a 

r e s u l t  of  increased  airway  resistance,   this w i l l  immediately  cause a burs t  

of  impulses from the   sp indle   to   increase   the   l eve l  of exc i t a t ion   t o   t he  

*In humans, dorsa l   roo t   sec t ion   here   l eads   to  a paralysis  of these   resp i ra tory  
muscles  of which the  subject  i s  unaware. 



corresponding  alpha motor  neuron. This hypothesis has, i n  fact, been tes ted  

i n  experiments i n  which the  airway  resistance w a s  suddenly a l t e r e d   j u s t   p r i o r  

t o  a resp i ra tory   cyc le   ( re fs .  48-30). The e f f e c t  on alpha motor  neuron 

discharge i s  m e d i a t e  (i.e., much too fast t o  have a r i s en  by C 0 2  stimulation 

of the   b ra in  stem), suggesting  that   the gamma spindle  loop can  indeed  be  used 

t o   d r i v e  the neuromuscular system as a ''follow-up  servo." 

Further  investigation  of  the gamma f ibe r   i npu t   t o   t he   i n t e rcos t a l  muscles 

has  revealed,  in  addition  to  the  intermittent  discharge  phase-locked  with 

resp i ra t ion ,  a ton ic  gamma a c t i v i t y   ( r e f .  31 ).  This a c t i v i t y  can  be  influenced 

by cerebellar  st imulation and t i l t i n g  of the  head. In   the  case of the   in te r -  

cos ta lmusc les ,   th i s  i s  correlated  with  the  fact  that  these muscles  have a dual 

function-that of resp i ra t ion  on the  one hand  and pos tura l   cont ro l  on the  

other. Thus, two independent  routes of gamma exc i ta t ion  impinge on common 

spindles, one  from the   resp i ra tory  system  and,  simultaneously, one from the 

tonic   postural  or position-determining  system. A s  a resu l t   the   t ens ion  of 

i n t e rcos t a l  muscles per iodica l ly   f luc tua tes  at an  amplitude  determined  by  the 

phasic gamma system. The fluctuation  occurs  about  an  average  tension  determined 

by postural  demands v i a   t he   t on ic  gamma system.* We know t h a t   i n t e r c o s t a l  motor 

u n i t s   a r e  of both  the "fast" and Irslowl' types, and it i s  possible  that  the  two 

systems  of gamma input  have  their   f inal   expression  selectively  through  fast  

or slow f i b e r  systems. 

Final ly ,  we note  that  an  extremely  important  aspect of reciprocal   inhibi t ion 

i s  exhibited by t h i s  system, for   during  inspirat ion it has been  observed tha t  

expiratory  spinal  motor  neurons a re   ac t ive ly   inh ib i ted  by supraspinal  centers 

(ref. 43) .  This i s  an  important  finding,  because i f  these  antagonis t ic  muscles 

were simply  not  excited  during  inspiration we would expect   that   the   act  of 

insp i ra t ion  would i n i t i a t e  a stretch  reflex  response which would oppose 

inspirat ion.  

Despite the super f ic ia l   d i f fe rences   in   the   o rganiza t ion  of this  system when 

compared to   those  discussed  ear l ier ,  we can generalize  the  conclusions drawn 

from these  experiments when developing  the  over-all model of motor control  which 

*It i s  possible that some of the  tonic  gamma a c t i v i t y  i s  a l s o   r e l a t e d   t o  
resp i ra t ion  and determines  the  midthoracic  position  around which the  respiratory 
excursions are superimposed. 
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w i l l  be summarized i n  the sec t ion   en t i t l ed  "Neuromuscular  System Component Models 

f o r  Small Perturbations.  I' 

The preceding  discussions of the  basic funct ional  elernents u t i l i z e d   i n   t h e  

cont ro l  of motor a c t i v i t y  at the sp ina l   l eve l ,  and their  interconnections,  can 

be summarized and genera l ized   to  a typ ica l  manual con t ro l   s i t ua t ion  as shown i n  

figure 28, where the  re la t ionship  of  motor  and sensory  elements  for a hypothetical  

agonist/antagonist   pair  of muscles i s  presented.  Supraspinal command s igna ls  are 

assumed to   ope ra t e   i n   pa ra l l e l  command pathways, a general izat ion of the  experi-  

mental  results  presented  under "Command S igna l s   i n   t he  Closed-Loop Control of 

Movement, page 56, and are shown t o  the l e f t   i n   f i g u r e  28 f eed ing   d i r ec t ly   t o  

gamma and alpha motor  neuron  pools. The internal   organizat ional   features  of the 

spinal  cord,  discussed on pages 47-53, are  omitted  for  clari ty.   This  basic  block 

diagram i s  the basis f o r  our   interpretat ion of human operator data t o  be presented 

under "Neuromuscular  System Component Models for Small Perturbations" and  "Closed- 

Loop Nuromuscular  System Dynamics. '' 
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HUMAN O-OR DATA INDICATING  NEUROMUSCULAR SYSTEM EFFFL!TS 

I n   t h i s   s e c t i o n  we are in t e re s t ed   i n  measurements of t he  human operator 's  

input /output   charac te r i s t ics   tha t   re f lec t  neuromuscular  system ef fec ts .  Data 

f o r   t h e  whole human have  been taken  with a va r i e ty  of  forcing  functions, v i z . ,  

0 Single  step and ramp inputs  

0 .  Step-ramp inputs  

e Single  sinusoids 

0 Square waves 

0 Random amplitude  step  sequences 

0 Force  disturbance  impulses 

0 Quasi-random inputs (sums of sinusoids) 

e Random inputs  (shaped  Gaussian  noise) 

The form of the  forcing  function  has a considerable  effect  on the  response 

behavior  (reference 94) and a s ingle  model fo r   t he  human as a controller  has 

not  yet been  er.olved. Such a model, however, must ul t imately account f o r   t h e  

different  responses measured for  discontinuous and continuous  predictable 

inputs and random-appearing inputs .   In  this report  we w i l l  concentrate on 

the  random-appearing and force  disturbance  forcing  function  cases.  For these 

forcing  function  types  the  extant data has been carefu l ly  surveyed t o  d i s t i l l  

out  those  data which a re   c ruc ia l  t o  key  neuromuscular  system fea tures .  From 

a very  large body of  describicg  function  data  available  for  the  overall human 

operator we can abs t rac t  a very few which a re   suf f ic ien t ly   p rec ise  and wide- 

band t o  permit  their  decomposition  into components t en ta t ive ly   i den t i f i ab le  

with  neuromuscular  system  characteristics. Some of  these  are  especially  useful 

t o  provide  connections  between  average  muscle  tension, o r  tone, and the  neuro- 

muscular  system  dynamics-and these  connections w i l l  be   the major t h rus t  of 

the  data  described below. We shal l   consider   the  re la t ionships  between tension 

and, in   order :   h igh and low frequency  phase  covariation; some f i r s t -o rde r  

e f f ec t s  of  changes i n  manipulator dynamics on the  high-frequency  neuromuscular 

system dynamics; disturbance  regulation and high-frequency dynamics; and 

tremor. 
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High and Low Frequency Phase Covariation 

Spring-restrained  low-inertia  manipulator.-In  this  section we a re  

interested  in   data   that   re la te   the  effects   of   average  muscle   tension or tone 

on the  neuromuscular  system  describing  function  data.  These  effects  occur a t  

very  high and very low frequencies, so with measurements l imited t o  mid- 

frequencies  they show up pr imari ly   in   the  phase  data .  

To describe  these  data,  several  levels  of  approximation have been  used t o  

characterize  the  describing  f 'unctions  (refs.   72-74).  Two of these  are:  

Precision Model 

where where 

Approximate Model 

The so-called  Precision Model i s  a minimum form  compatible w i t h  all the   f i ne  

de t a i l ,  low v a r i a b i l i t y  data fo r  random-appearing forcing  f'unctions and a l so  

compatible with such things as the  dynamics of t he  movement component i n   s t e p  
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responses. The Approximate Model i s  a much simpler form i n  which t h e  number 

of parameters i s  reduced  without  too  serious a degradation in   t he   ana ly t i ca l  

description of t he  data for  mid-frequencies. Both  models exhibi t   the  same 

gain,  equalization, and basic  delay  elements. They d i f f e r   i n   t h e i r  neuro- 

muscular  system aspects.  For these  the  high  frequency  terms  are  third-order 

in   the  Precis ion Model. In   the  Approximate Model, t he  mid-frequency e f f ec t s  

of  these  third-order  terms  are  approximated  by  either a f i r s t -order  lag (so- 

cal led neuromuscular lag)  or a pure  time  delay. The l a t t e r  can  be summed with 

the  basic   la tencies  t o  give  an  overall  time  delay, T ~ .  

The very l o w  frequency  characterist ics  appear  in  the data primasily as a 
phase lag.   In   the  Precis ion Model these  character is t ics   are   represented by 

the  lead/lag, (TKjw+ 1 )/(T$jw + 1 ), which i s  a minimum form sui table   to   charac-  

terize  both  amplitude ratio and phase  data  completely  for  the  limited  data of 

extremely  high  precision [i .e.,  those  data f o r  controlled element forms Kc, 

KJs, and KJ( s-  x)]. For many other  systems  these low frequency  effects  are 

not so precise,  and should be further  approximated. If the  low frequency 

ef fec ts   a re  modeled by t ransfer   character is t ics   containing m lags and leads, 

then  the  incremental  phase sh i f t  due to   t hese  w i l l  be 

65 



I I I l l  l l l l l  

T h i s  e phase cha rac t e r i s t i c  i s  convenient t o  approximate the   e f fec ts  at 
mid-frequencies  of  very low frequency  leads and lags. Our emphasis here will 
be on the  a and equivalent t ine  delay  quant i t ies   contained  in   the Approximate 

Models exponential  phase  descriptor  term, e -j (UTe + G/U) 

Figure 29 i l lust rates   the  nature   of   typical   p i lot   descr ibing  funct ion  data  

and the  application  of  the  previously  given  Precision and Appsoximate Model 

forms as descriptors  of  these  data.  The t y p i c a l  data shown are from a so- 

cal led  subcri t ical   task  involving  the  control   of  a first-order  divergence con- 

t r o l l e d  element. The a and Te aspects do not  affect   the  amplitude  ratio at 
a l l ,  although  they  are  clearly shown in   t he   phase .  The UTe phase due t o  time 

delay  dominates  the  high  frequencies,  whereas  the a / ~  phase  lag i s  the  major 

low frequency  effect .   Their   jo int   act ion  tends  to  make the  approximate  phase 

look l i k e  an  umbrella,  with a con t ro l l i ng   t he   l e f t   s ide  and T~ the  r ight   s ide,  

i . e . ,  changes i n  Te sh i f t   t he   r i gh t   s ide  o f  the umbrella,  while  changes i n  a 

shift t h e   l e f t .  Simultaneous  increases in   bo th  CL and shift  the  umbrella 

t o   t h e   r i g h t ,  whereas  decreases  shift it t o   t h e   l e f t .  

Some idea  of   the  var ia t ion of a and -re and t h e i r  connections i s  provided 

in   reference 73. Figure 30, which i s  taken from reference 73, ind ica tes   tha t  a 

and l/-re vary  together  for the experiments  considered  there.  In  terms  of  the 

describing  function  phase  curve shown i n  figure 29, both  ends o f  the  umbrella 

are  shif 'ted  together  in an adaptive  response t o  changes in   forcing  funct ion 

bandwidth, q [for Ye = KJ( s)'], or t o  changes in   con t ro i l ed  element 

unstable  pole, A [for Ye = Kc/s( s -x)]. 
Large inertia manipulator.-Reference 82 presents  describing  functions and 

performance  measures  taken f o r  a very wide range of spring and i n e r t i a   r e s t r a i n t s  

as well  as two controlled  elements, Ye = Kc and KJs2. The largest   d i f ferences 

occurred  for  the lat ter.  Figure 31 i l l u s t r a t e s   t h e   e f f e c t  of i n e r t i a  on the  

p i l o t  ' s describing  function ( the  i n e r t i a s   a r e   i n  units of ft-lb-sec*/rad, 

In = o.oO48, I 1  = 0.29, and t h e   p i l o t ' s  limb  contribution was Ip A 0.01 3 ) .  
With no spr ing   res t ra in t ,   increas ing   the   iner t ia  above that  contributed by 

t h e   p i l o t ' s  limb degrades  average  performance ( e2)  reduces  amplitude  ratio and 

crossover  frequency and causes a severe  increase  in  phase lag, thereby con- 

s t r i c t ing   t he   ava i l ab le   s t ab i l i t y   r eg ion .  Some of   the neuromuscular  system 

dynamics  can be  seen at the   h igher   f requencies   for   the   l a rger   iner t ias  

- 
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E l  Induced by W i  changes ,Yc = K,/(ju)2 
0 Induced by X changes, Yc = K c / j w  ( jw - X )  p mi =1.5 
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Figure 30.  Connection Between Equivalent Time Delay 
and Low-Frequency Phase Lag 
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Torque Disturbance  Regulation 

m e   e f f e c t  of  average  voluntary  muscle  tension on the   wr is t   twis t ing  

(supination-pronation)  response to   torque  dis turbance  inputs  has been  investi- 

gated  in   references 75-78. (The r e f .  76 work i s  reviewed i n   r e f .  105.) 

In   reference 76 the   r e l a t ive  amount of  muscle tension was inferred  f rou a 

sphygmomanometer cuff  at tached around t h e  forearm. T h i s  was displayed t o   t h e  

subject who then  could  readi ly   set   the   reading  to  any  one  of f i ve   l eve l s .  

These  experiments were carried  out  using  irregularly  spaced  mechanical  impulses 

delivered,  without  warning,  by a pendulum. The manipulator  restraint   consisted 

of  an ine r t i a   s eve ra l   t imes   l a rge r   t han   t ha t  of t h e  arm, and the  subject  was 

asked to   r e s i s t   t he   pe r tu rb ing   i n f luence  of the pendulum-produced disturbance 

on the  load.  

The transient  response resembled t h a t  of a dominant second-order system 

wi th   l i gh t  damping (f ig .   32a)  - Figure  32b shows similar r e s u l t s  from reference 78 
where the  disturbance  torque was delivered by a motor a t t ached   t o   t he   sha f t  of 

t h e  handle which the  subject  grasped. A transducer  sensed  the  grip  force which 

i s  assumed t o   b e   i n d i c a t i v e  of muscle  tone i n   t h e   p a r t i c i p a t i n g  muscles. 

Figure 33, adapted from reference 76,  shows the  general   locat ion of the  upper 

pole  posit ion  of a damped second  order f i t t ed   t o   t he   t r ans i en t   r e sponse   fo r  

f ive  tension  values.   In  general ,   increasing mean tension  increases   the  natural  

frequency  of  these  roots  but  leaves  the damping r a t i o   r e l a t i v e l y  unchanged. We 

a r e   a l s o   i n t e r e s t e d   i n   t h e   e f f e c t  of this t rend on the  high  frequency  phase 

which can  be  found  by not ing  that ,  as for  equations 1 and 2, 
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for  frequencies below q. All of  the q ' s  i n  figure 33 are a t  the extreme upper 

end of  the measurement bandwidth  of interest   (see fig:. 29 ) . Thus the  approxi- 

mate phase  of  these complex roots behaves as an effective  time  delay  given  by 

2fN/wN. Reference 76 also  contained  averaged  data  for  three  subjects which we 

can use to  calculate  the  effective  t ime  delay  for  the  f ive  tension  values  (see 

f i g .  34).  The decrease i n  time  delay as tension  increases  mllmove  the  high 

frequency  portion  of  the  phase to   t he   r i gh t   ( s ee   f i g .  29) .  

Effects of macle Tension 
and MRnIpulator Restraints  on Limb Tremor 

Limb tremor  has been observed i n  a variety of si tuations.  It typical ly  

appears i n   t he  time  history as an osci l la t ion or in   the  power spectral  density 

as a significant peak at high  frequency. Tremor frequencies  are  often  in  the 

range o f  6-10 Hz as   in   the  analysis  of finger  velocity  with  different  load 

masses ( r e f .  79).  Generally, muscle tremor  frequencies depend on both  the 

manipulator  restraint and muscle tension  ( refs .  80, 81 , and 102).  In  figure 35 
forearm flexor  tremor  frequency i s   p lo t t ed   a s  a function of the mean tension  at  

the wrist ( r e f .   8 0 ) .  This  tension w a s  exerted  against a spring  (attached  to 

the  wrist)  which w a s  o r ien ted   para l le l   to   the  upper arm. For each spring, 

increasing  the  tension  causes a slight  increase i n  tremor  frequency  except a t  

the  higher  tensions where the  data  level  off .  However,  an increase  in  spring 

ra te  produces an incremental  increase  in  tremor  frequency which i s  essentially 

independent of tension.  Reference 102 had results  similar  to  those i n  figure 33 
except that  only one spring  rate was used. 

In  reference 81 the  task was to   t r ack  a ramp input  (pursuit  display). The 

subject  gripped a handle i n   h i s  f i s t  and using wrist rotation about the forearm 

axis was able t o  generate  his  response. Four different  load  inertias were 

used. In  addition muscle tension w a s  inferred from handle  grip  tension as 

sensed from a rubber pneumatic balloon and pressure-voltage  transducer. The 

dependence of  tremor  frequency on i n e r t i a  and inferred muscle tone i s  given i n  
figure 36. For each i n e r t i a   t h e r e   i s  an increase  in  frequency as tone  increases 

whereas for constant  tone an inc rease   i n   i ne r t i a  causes a decrease i n  frequency. 

Additional  results  in  reference 81 indicate   that   the  tremor  frequency of 

one hand i s  independent  of the  other.  Specifically i f  one  hand i s  controlling 



I I I I I 1 I 
I 2 3 4 5 6 7  

Tension ( IO6 Dynes) 

Figure 33.  Effects  of  Muscle Tension and Spring  Rate 
on Forearm Flexor Tremor (Adapted from r e f .  80) 
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Figure 36. Effects of  I n e r t i a  and Grip  Tension 
on Limb Tremor During  Constant  Velocity Wrist Rotation 
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a la rge   iner t ia   wi thout   p ressure ,   then  i t s  tremor  frequency  can  be much l e s s  

t han   t ha t  of the   o ther  hand i f  it i s  cont ro l l ing  a small ine r t i a   w i th   g rea t  

p ressure .   This   sugges ts   tha t   the   osc i l la t ion   condi t ions   a re   s t rongly  dependent 

on the   l oad  and fhrther  that  each  neuromuscular  system i s  independent of t h e  

o ther .  
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The effective  connections or block  diagram  topography  of  the  neuromuscular 
system  fn  figure 28 are  highly  adaptive, i.e., the  system  can  have  many  organi- 

zations  (ref.75),  each  peculiar to  a  specific  control  situation.  The  control 

situation  of  most  interest  in  this  report  involves  neuromuscular  system  opera- 
tions  in  which  the  command  inputs  at  the  spinal  level  are  the  consequences  of 

random-appearing  visual  inputs or random  force  disturbances  on  the  manipulator, 
and  the  outputs  are small motions  of  the  hand  exerted  against  a  spring-  and/or 

inertia-restrained  manipulator. For these  situations  an  appropriate  neuromus- 

cular  system  model  can  be  made  up by connecting  ensembles of sensory  and  equali- 

zation  components  with  associated  ensembles of muscle  and  manipulator  elements 

into  an  equivalent  single-loop  feedback  system.  The  purpose  of  this  section 
is  to  develop  the  component  models;  the  next  section  will  accomplish  their 

combination  into  a  system.  The  dynamics  of  the  muscle/manipulator  combination 

shall  be  discussed  flrst,  emphasizing  the  dependence  of  these  dynamics  on  the 

operating  point  muscle  tension.  Then  the  muscle  spindle's  feedback,  equaliza- 

tion,  and  actuation  capabilities  shall  be  described. 

Muscle Model 

We  are  interested  in  a  simple  muscle  model  appropriate for a  tracking  task 
involving  relatively small movements.  Involved  here  will  be an agonist/ 

antagonist  muscle  pair  where  each  has  an  average  tension, Po (which  does  not 
appear  across  the  load).  Figure 37 shows  such  a  pair f o r  a  simple  system  simi- 

lar to  the  Biceps/Triceps  System. For motion to occur,  one  muscle  must  relax 

while  the  other  contracts,  and  thus  the  tension  levels  must  seesaw  about  the 

average.  The  relationship  between  tension  and  length  in  response to motor 

nerve  commands  can  be  found  from  the  muscles'  isometric  tension-length,  force- 

velocity  curves,  and  series  elastic  component, all described  in  the  section 

entitled  "Physiology  of  the  Neuromuscular  System,"  i  .e ., the  muscle  can  be 
modeled by  a  series  connection  of  a  series  elastic  component  and  a  contractile 
component  (where  the  latter  is  described by the  length-tension  and  force- 
velocity  curves). 

Figure 38 shows  our  interpretation  of  the  isometric  length-tension  curves 
for a  family  of  motor  nerve  firing  frequencies, f. Here P is  the  tension in 
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Figure 37. Agonist/Antagonist Muscle Pa i r  

t h e  muscle when it i s  s e t   t o  a par t icular   length,  L, and stimulated a t  a motor 

nerve f i r i n g  frequency, f .  The solid  curves (maximum and minimum st imulat ion 

f requencies )   a re   typ ica l  of s k e l e t a l  muscle ( r e f .  83). The dashed  curves  ref- 

l e c t   t e s t   r e s u l t s   ( f i g .  6b of r e f .  84) f o r   i s o l a t e d  muscles  where, a t  a given 

length,   the  slope of the  cmves  increases  as f i r ing  f requency  increases .  The 

rc 
0 

50 t - - P  
L (Percent of  Rest Length) 

Figure 38. Isome'tric  Length-Tension Curve 
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dashed  curves   a lso  ref lect   the   in   vivo  behavior  if the  family  parameter is  the  

average  f ir ing  frequency as detected from surface  e lectrodes (ref. 8 5 ) .  
” 

The isometr ic   tension changes due to small perturbations  about  the  operating 

point ,  Lo, Po, can be descr ibed   by   the   f i r s t -order  terms i n  a Taylor series 

expansion as 

P = P ( L ,  f )  f Po(Lo, fo)  + - ( L  - Lo) + 2 (f - fo) a p  
a L  af 

P = Po + c+, - KnpL 

where Po = isometr ic   tension a t  the  operat ing  point  

@fa i s  the  change in   ave rage   f i r i ng   r a t e  of t he  motor  neuron 
(or ave rage   e l ec t r i ca l   ac t iv i ty )  

AL i s  the  change i n  muscle length  (chosen  posi t ive  in   the 
d i r ec t ion  of  muscle shortening) 

K, i s  the  s lope of the  length-tension  curve  for  constant f 

Cf i s  the  s lope of the  length-tension  curves  for  constant 
length 

Note t h a t   t h e   p a r t i a l   d e r i v a t i v e s  Cf and Km are  evaluated a t  the  operat ing 

point  defined by fo  and Lo. 

The in   v ivo  human ca l f  muscle force-veloci ty   data  and  curve f i t s  given  in  
” 

f igure  13 a r e  redrawn i n   f i g u r e  39 to   r e f l ec t   ou r   i n t e rp re t a t ion   fo r   bo th   sho r -  

tening and lengthening  veloci t ies .  Here F i s  the  force  exer ted on the  load  by 

muscle during a shortening  contraction a t  a s teady  veloci ty ,  V. ( A t  V = 0 then 

F = P, the   i somet r ic   t ens ion   for  a par t icu lar   s i tua t ion . )  For a s e r i e s  of values 

o f  average  muscle e l e c t r i c a l   a c t i v i t y  as measured  by the  electromyogram  from 

surface  e lectrodes,   the   load  veloci ty   increases  as the  load  force  decreases .  

The shape  of the  curves i s  t y p i c a l  of tha t   ob ta ined   in   i so la ted  muscle  under 

maximum stimulation  frequency,  f igure 13. An exception i s  t h a t   t h e   r e l a t i o n -  

ship  for   lengthening muscle ( V  negative) i s  somewhat s teeper   than  an  extra-  

polat ion of the  shortening  curves would p red ic t   ( r e f s .  26 and 70). This   resu l t s  

i n  a change in   s lope   i n   t he   r eg ion  of  most i n t e r e s t  (small pos i t ive  and  negative 

ve loc i t i e s ) .  However, in   the   contex t  of an  agonist/antagonist  muscle pa i r ,  one 
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muscle w i l l  be  lengthening  while  the  other 

i s  shor ten ing ,   resu l t ing   in  a continuous 

overa l l   fo rce-ve loc i ty   re la t ionship .   Fur ther ,  

reference 86 d i d n ' t   f i n d  a d i s c o n t i n u i t y   i n  

the   t ens ion   response   to  a s ine  wave pos i t ion  

inpu t   fo r  a tetanized  muscle. Thus we s h a l l  

use continuous  curves  through V = 0. 

Each  of t he   fo rce -ve loc i ty   cu rves   i n   f i g -  

ure  39 can  be ident i f ied   by   the  EMG a c t i v i t y  

leve l ,  or a l t e rna t ive ly ,  by t h e i r   i n t e r s e c t i o n  

wi th   the   zero   ve loc i ty   l ine ,   s ince   there   the  

0 vm load  that   can  just   be  supported i s  equal  t o  
V- 

Shortening  Velocity 
the  isometric  tension.  Empirical   curves can 

be f i t t e d   t o   t h e  data ( r e f .  26) described  by 
Figure 39. Force-Velocity  Curves 

a t  Various Mean Absolute EMG Levels 

where Vm = the  maximum ve loc i ty  cf shortening 

b = a constant 

P = the   i somet r ic   t ens ion   per t inent   to   the   opera t ing   po in t  
length and  muscle a c t i v i t y  

F = t h e  muscle  output  force 

V = ve loc i ty  of  shortening 

This   re la t ionship i s  d i rec t ly   ana logous   to   the   force lspeed   charac te r i s t ic  of an 

ac tua tor .  Again a Tay lo r ' s   s e r i e s  can  be  used to   desc r ibe   t he  small perturba- 

tion  motions. To f i r s t - o r d e r  terms 
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E i t h e r   a c t u a l   d a t a   o r   e q u a t i o n s   f i t t e d   t o   t h e   a c t u a l   d a t a  can be used t o  

eva lua te   t he   pa r t i a l s .   I n   t h i s   ca se   t he  second p o s s i b i l i t y  is far more con- 

venient,   since  equation 7 i s  d i r ec t ly   pe r t inen t .  The pa r t i a l s ,   eva lua ted  a t  

Po, Vo, a re :  

For s teady-state   t racking  the  operat ing  point  of i n t e r e s t  i s  Vo = 0. Thus 

equation 8 becomes 

F A P o + P - P o - P o  (; + ')AV 
VIn 

= P - W V  

where the equivalent damper, %, i s  used t o   r e p l a c e  Po( 1 /b + 1 /Vm). 

Subst i tut ing  equat ion 6 f o r  P into  equat ion  10  yields  

B, i s  d i r e c t l y   p r o p o r t i o n a l   t o  Po, and K, is  a l s o  a funct ion of Po ( s e e   f i g .  3 8 ) .  

In   t e rms  of an  analogous  physical  system,  the  linearized  equation  for  the 

muscles '   contract i le  component corresponds t o  a force  source, Po + CfAf,, coupled 

t o  a parallel  spring/viscous-damper  combination. The damper element has a 

damping coef f ic ien t  which i s  l i neax ly   r e l a t ed   t o   t he   ope ra t ing   po in t   t ens ion  

(which is  a funct ion of f o  and b). This behavior i s  t y p i c a l  of both  individual  

muscle fibers and of whole muscle,  and i s  a key feature of our  succeeding  dis- 

cuss  ion. 

Skeletal   muscles  can  only  contract   actively,  so movements involving  high- 

grade skill,  such as tracking,  generally  require  coordinated  groups of muscles. 

The simplest of  these,   the  agonist/antagonist   pair ,  i s  shown i n   f i g u r e  37.. For 
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rotation to occur,  one  muscle  must  contract  while  the  other  extends. If the 
opposing  muscles  each  have a steady-state  tension, Po, in  the  static  situation 
caused  by  some  steady-state or average  firing  rate, fo, rotation'  can  be  accom- 

plished  by  increasing  the  firing  rate for the  contracting  muscle by the  incre- 
ment Af while  simultaneously  decreasing  the  firing  rate  in  the  antagonist  by 
about  the  same  increment.  The  actual  muscle  system  involved  in  almost  any 
complex  limb  motion  is  seldom,  if  ever,  as  simple  as  that  described  above. 
However , the  same  principles  hold for each  agonist/antagonist  pair  involved, 
and a grand  summation  can  be  made of all  the  pairs  contributing  to  the  actual 
limb  motion of interest.  On  this  basis  the  linearized  mathematical  model 

developed  above for single  muscles  can  be  generalized  into  that  appropriate 
f o r  a specific  tracking  situation  with  all  the  composite  muscle  groups  involved 
considered  in  the  summation.  Equation 1 1 still  holds,  but  now Po, Cf, %, and 
Km  are  to  be  interpreted  as  characteristics of the  muscle  system.  Figure 40 
shows  the  resulting  limb/manipulator  system  schematic for a simple  spring-mass 

Effective 
Driving 
Force 

MUSCLE  ACTIVE  AND 
CHARACTERISTICS PASSIVE  CHARACTERISTICS 

MANIPULATOR 

I 
I 

Perturbation Muscle Length - - 

Ke 

- .. 
Po = Po(f,, L,) I 

I 

Figure 40. Schematic of Limb/Manipulator  Model 
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manipulator. The muscle  characteristics  consist  of  the  series  connection of 
the  series  elastic  component,  Ke,  with  the  contractile  component  characteris- 
tics  given by t.he force  source  plus  spring  and  damper  (see  equation 1 1  ) . Since 
the  limb  and  manipulator  inertias  are  in  parallel,  the  two  are  lumped  together 

in  the  single  effective  inertia, M. A load  spring, KF, is also  present.  Finally, 
provision  is  made  for  a  force, F, applied  to  the  manipulator. 

The  equations of motion f o r  the  limb/manipulator  dynamics can be  found by 

setting  the  total  force  at X and  at X1 equal  to  zero. In terms  of  Laplace 
transforms  these  can  be  written  as 

Fx = 0 = -(x-xl)Ke - (Ms2+Kp)x + F 

(1 2 )  
Fx, = 0 = -(X1 -x)Ke - (Ems+ Km)X1 “cfof, 

or in  matrix form 

The  characteristic  equation  for  this  system  is 

Separated  into  terms  which  isolate,  first,  the  series  elastic  component  and, 

second,  the  load  spring,  this  becomes, 

The  Output  response, X, and  that  at  the  inboard  side  of  the  series  elastic 
component, x7, are  given  by: 

82 



and 

Ke x1 = A Af,+-F A 

We are  interested  in  the  limb/manipulator  subsystem for three  manipulator  types: 
spring-restrained,  low-inertia;  isometric;  and  no-spring,  large-inertia. 

Spring-restrained  low-inertia  manipulator.-Data in reference 83 indicate 
that  the  muscle  model's  series  elastic  component, &, is  much  larger  than Km. 
When  this is taken  into  account,  and  when  the..manipulator  considered is such  that 

the  series  elastic  element  overwhelms  the  load  spring  and  inertia  over  the fre- 
quency  range  of  interest,  then  the  responses  are  those for Ke t m  (see  eq. 15). 
Equations 17 and 18 then  become 

CfAf, + F 
x = x 1 =  

For precision  movements  in  tracking,  there  is  always  some  average  tension  acting, 
and  in  difficult  tasks  this  is  sufficient to make  the  damping  ratio  considerably 

greater than unity. For this  case  the  appropriate form for the x/Afa transfer 
function  is, 

where 

1 . %  
" " 

Tw M 
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If we presume that KF >> Kmy such as would occur  with a stiff spr ing   res t ra in ing  

the manipulator,   then  the undamped natural frequency, 4- , w i l l  be 

approximately  constant,  and a change in   s teady-s ta te   t ens ion ,  Po, w i l l  pr imari ly  

a f f e c t   t h e  damping. The dynamics o f   t h i s   equ iva len t  system are i l l u s t r a t e d   f o r  

two cases of s teady-s ta te   t ens ion   by  the jcu-Bode diagram of f igure  41 . From 

t h i s  f igure  it is apparent   that  the e f f e c t  of  changing the   t ens ion  of the muscle 

group is to   decrease  the low-frequency  pole  and  increase the high-frequency  pole. 

As w i l l  be   seen  la ter ,   these changes, due to   an   increase   in   s teady-s ta te   t ens ion ,  

have  most important  consequences on the  neuromuscular  system  dynamics. 

rn 
-0 
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u 
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I f L o w  Tension L o w  Tension 

0 dB 

- 4 0  dB/decade I - 4 0  dB/decade 
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I 1.1 I \ 
\ 

w ( log scale) 

Figure 41 . jcu-Bode Diagram for Limb/Manipulator Dynamics 

Isometric  manipulator.-An  isometric  manipulator  implies that KF is  

extremely  large  and  x  very small. The output   s ignal   here  w i l l  be a force,  Fs, 

e q u a l   t o  KFX- In  equation 17, multiplying  both  sides  by KF and taking  the l i m i t  

as KF --)m yields f o r  the FS/Nu  t ransfer   funct ion 
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where 

Frequency  response  data  (ref - 87) f o r  a funct ional ly   isolated ( i  .e ., 
feedback  path  cut)   cat   skeletal  muscle  using  an  isometric  load i s  given i n  

figure 42. The forcing  function was a s inusoidal   var ia t ion  in   pulse   ra te  

(5-30  pps).  The magnitude  of the frequency  response  for the muscle i s  
c l o s e l y   f i t t e d  by a simple lag as expected from equation 21. 

Both references 77 and 89 took measurements of the   t rans ien t  rise of isometric 

torque  for  human subjects  employin$ maximum e f f o r t .  A 70 ms time  constant was 
found for  both wrist supination-pronation  (ref.  77) and for  adduction-abduction 

(90 deg elbow angle,  upper arm kep t   pa ra l l e l   t o  body, wrist movement l e f t   t o  
r ight) ,   reference 89. Note that the  muscles f i r i n g   r a t e  changes were not small 

r e l a t i v e   t o  an operat ing  point .  However the   f i na l   po r t ion  of t he   t r ans i en t  

responses (as t h e  new equilibrium w a s  reached) look r e l i ab le  enough f o r   u s   t o  

assume that I 4 rad/sec i s  near  the  lower limit for due t o  max imum values 

of %. 

No-spring large-inertia.-For th i s  manipulator  the  denominator  of the 

x/&€& w i l l  be a cubic. Using equation 16 with KF = 0 y ie lds  

% + K e  2 K, 
s + - s + -  

M 

This will have e i the r   t h ree  real roots  or one r e a l  and two complex roots .  For 
t he   l a t t e r   ca se   t he re   a r e  two approximate factor izat ions of equation 22 which 

depend on a wide separation  of the roots .  The f irst  case i s  

provided that 
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Figure 42. Freauency  Response for Isolated Cat Muscle 
(Isometric  Load) 
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T h i s  will hold f o r  large inertia.  The real  root i s  seen t o  be t h a t   f o r   t h e  

isometric  case,  1 /%. It will be  relatively  high  frequency  whereas  the  fre- 

quency  of t he   quadra t i c   pa i r  will depend on t h e   i n e r t i a .  

The second  case i s  

A m s + -  ( z)(s 2 + -  Ke s +s) 
B, M 

provided  that  

- Ke  KmKe B, IG, 
B, M >> - o r  - >> - 

6 M 

These inequa l i t i e s  w i l l  ho ld   for   l a rge  gn and small Km and M .  Typica l ly   th i s  

r e s u l t s   i n  a low frequency  real   root   plus  a high  frequency  quadratic. 

The f i r s t  case  descr ibes   the  probable   root   configurat ion  for   large  iner t ia .  

Data in   re fe rence  88 considered a var ie ty   o f   manipula tor   res t ra in ts   wi th  a 28:1 

range  of   iner t ias   ( the  smallest  was la rger   than   tha t   p rovided   in   s i tu   by   the  

unloaded  foot) .  These showed t h a t  as t h e   i n e r t i a  was increased a high  f re-  

quency  droop  appeared in   bo th   t he  magnitude  and  phase. However even f o r   t h e  

l a r g e s t   i n e r t i a   t h e   d a t a  below 4 rad/sec was e s sen t i a l ly  unchanged.  These 

trends  are  compatible  with  equation 23 .  Specif ical ly ,   the   isometr ic   t ime con- 

s t an t  which i s  independent  of  inertia,  dominates  the unchanged  low  frequency 

portion,  while  the  inertia  causes  the  high  frequency droop  which decreases   in  

frequency as i n e r t i a  i s  increased.  

" 

We can now bu i ld  a general   case  for   the  approximate  factors   of   the   third-  

order   character is t ic   equat ion.  The da ta   for   the   spec ia l   cases   d i scussed  above 

ind ica te   tha t   the   i somet r ic   roo t ,  I/%, i s  a f ac to r .  Using this, the  approxi- 

mate f ac to r s   t o   equa t ion  14 become 
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' which applies as long as 

Muecle Spindle Model 

A muscle  spindle model compatible  with  the  data  given on pages  35-42 i s  

shown i n   f i g u r e  43. The output  of  the  spindle i s  the  primary  ending  f ir ing 

r a t e .  The inpu t s   a r e   t he  "dynamic"  and l l s t a t i c ' l   f i b e r   f i r i n g   r a t e s  as wel l  

as an i n t e r n a l  muscle  length. The l a t t e r   a r i s e s  from t h e  placement  of t h e  

spindle as spanning a portion  of  the  muscle  (f ig.  16), i . e . ,  some tendon  and 

muscle elastance  intervenes between t o t a l  muscle  length, x, and the  spindle  

feedback  length  (which we w i l l  assume t o   b e  x1 ) ( f i g .  4 0 ) .  

In   f igure  43a , the  region  of  the  nuclear bag  from  which the  primary  ending 

or ig ina tes  i s  represented by a r e l a t i v e l y  s t i f f  spr ing.  Here the  primary 

ending f i r i n g   r a t e  i s  assumed t o  be  proport ional   to   nuclear  bag  deformation 

( r e f .  38). Thus Ia f i r i n g   r a t e  i s  propor t iona l   to   spr ing   def lec t ion .  The 

in t r a fusa l  muscle f iber   por t ions   a re  shown with dynamic, yd j  and s t a t i c ,  ys, 

f iber   inputs .  Each of  these  f iber  elements  are  muscles,  so each one can  be 

represented as a muscle model similar t o   t h a t  shown in   f i gu re  40.  This i s  

the  basis of  the  equivalent model shown i n   f i g u r e  43b which also takes  advan- 

tage  of  the symmetry about  the  midpoint  of  the  nuclear  bag  capsule  spring. 

The d e t a i l s  of the   por t ion  of t h e   i n t r a f u s a l  muscle f iber   innervated by 

the  dynamic f ibe r s ,  yd, a r e  assumed t o   b e   t y p i c a l   o f  muscle as modeled 

previously  (eq.  11  ) except   for   the   se r ies   e las t ic  component.  These comprise 

a force  generator,  Pd = Pdo -t cfdMdd.c p lus  an  equivalent  spring, Kn, and damper, 

% b o t h  of  which  depend on the  operat ing  point   condi t ions,   fdo and f iber   l ength ,  

which  determine Pd,. We have   omi t ted   the   se r ies   e las t ic  component since it 
w i l l  no t   a f fec t   the  dynamics of   the  nuclear  bag  deformation  response  except 

as a sca le   fac tor .  

The por t ion   o f   the   in t ra fusa l  muscle f iber   innerva ted  by t h e   s t a t i c   f i b e r s  

has a similar model ( force  generator   plus   spr ing,  Kh). However, it lacks a 

viscosity  element,   since  available data for a s t ep   i nc rease   i n   s t a t i c   f i be r  

s t imula t ion   ( re fs .  32 and 67) ind ica te  that  it i s  ei ther   not   present  o r  i s  
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Figure 43. Schematic of Muscle  Spindle  Model 
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very  small. Note t h a t   t h e   e f f e c t  of t h e   s t a t i c   f i b e r   f o r c e   g e n e r a t o r ,  

Ps = Pso + C f s a f s ,  on nuclear  bag  deformation  can  alternatively  be  described 

by  an  equivalent  length  input,  yc. This  can  be seen by  applying a s tep  increase 

i n  Afs (with  muscle  shortening, XI, kept  constant)  which  produces a step  reduc- 

t i o n   i n  X,. This  immediately  increases  xs,  since  the damper, Bn, cannot  change 

length  instantaneously.  Subsequently,  the damper smoothly  extends,  allowing 

the  length change t o  distribute  throughout a l l  three  spr ings as a new equ i l i -  

brium is  reached.  Inspection of f igure  43b reveals   that   th is   response  pat tern 

is  the same as t h a t  produced  by a s tep  length change i n  x1 . Consequently,  the 

s t a t i c   f i b e r   i n p u t  w i l l  henceforth  be  replaced  by  an  equlvalent  length  input, 

7c ( the   s t a t i c   f i be r   fo rce   gene ra to r  i s  shown i n  dashed l i n e s   f o r   t h i s  same 

reason).  

The equations of motion  can  be  written  by summing the  forces  a t  each node 

to   zero .  On rearranging,  these become 

where Pa = Pao + Cf Afd, the  force due t o  dynamic f ibe r   s t imu la t ion  d 

Solving  for  the  nuclear bag  deformation, xs = ( y c +  x1 ) - xn, which is propor- 

t i o n a l  t o  the  primary  ending  f ir ing  rate,   yields 

where 

1 1  1 
" 

K r  - & Ks 
+ -  
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y /  
. y ending  has a lead/ lag  response  to  muscle length   and/or   s ta t ic  

\. /The  response  to  dynamic f iber   input  is a simple  lag. Note t h a t  
.A* the  lead  break  frequency i s  dependent on the  operat ing  point  dynamic f i b e r  

stimulation  frequency,  whereas  the  lag  break  frequency  depends on both  the 

dynamic and s t a t i c   f i b e r   i n p u t s .  There i s  some indica t ion   ( f ig .  21 ) t h a t   t h e  

lead  break  frequency i s  r e l a t ive ly   cons t an t   fo r   d i f f e ren t  dynamic f i b e r  stimu- 

l a t i o n   r a t e s .  

References 63 and 80 conta in   da ta   tha t  we sha l l   use  as an example t o   i l l u -  

strate the  spindle  dynamics as w e l l  as the  closed-loop  spindle/muscle  reflex 

response.  Reference 80 studied  the  propert ies   of  muscle spindles   via   s inu-  

so ida l   l ength   inputs   to   the   decerebra te   ca t ' s   so leus  muscle wi th   the   re f lex  

loop  intact.  Recordings were made of tension and  motor  nerve ac t ion   po ten t i a l s  

sensed from a surface  e lectrode on t h e   b e l l y  of t he  muscle.  Reference 6 3  a l s o  

used   s inusoida l   inputs ,   bu t   for   the   t ib ia l i s   an te r ior  muscle  of both  spinal and 

decerebrate  cats.  Recordings were made of the  motor  nerve  action  potentials 

wi th   the   re f lex   loop   in tac t  as wel l  as severed. For reference 63 none of these 

motions were small compared to   the   opera t ing   po in t .   This  i s  evidenced  by  the 

motor/nerve f i r ing  ra te   responding  only  during  the  lengthening  port ion of the  

input .  Thus we should  be  cautious when in fe r r ing  small s igna l   equiva len t   c i r -  

cuit  parameters from  such da ta .  The s i tua t ion   i n   r e f e rence  80 w a s  po ten t i a l ly  

be t te r   in   tha t   decerebra te   p repara t ions  show an   ex tensor   r ig id i ty  due t o  a 

s teady-state   gama  input .  However, the  only  phase  data  presented was taken from 

low-gamma s i tua t ions  such that   again  there  was only  an  intermittent  response. 

Nevertheless  the  data shown in   f i gu re  44- i s  in t e re s t ing  and i l l u s t r a t e s   n i c e l y  

some fea tures  of the  limb-musculature  loop  dynamics. 

The data indicated  by  the  c i rc les  and do t s   ( r e f .  63) was taken from a 

sp ina l   ca t ,   i . e . ,   sp ina l   t r ansec t ion  above the   l eve l  of t he   r e f l ex  pathway. 

The open c i r c l e s   da t a  were taken from the  cut  muscle  nerve ( sever ing   the   re f lex  

pathway),  whereas the  motor ac t ion   po ten t la l   da ta   (c losed   c i rc les )  were recorded 

before   cut t ing  the  nerve.  The open-loop data ,  which r e f l e c t s   t h e  muscle  spindle 

a lone,   indicates  a lead  a t  about 6 rad/sec. The closed-loop  data   a lso  exhibi ts  

the  lead  but   has  a high  frequency  lag. The closed-loop  data from reference 80 
has the  same general  shape,  except  that i s  exceeds 90 deg i n  some regions,  pos- 

s ib ly   i nd ica t ing  more than a simple  lead. The s ingle   da ta   po in t   ca lcu la ted  
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Figure 44. Phase Angle of Reflex Motor Action  Potential  Response 
to   S inusoida l   Pos i t ion   Input  
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from figure 21 (ref. 67) i s  included i n   f i g u r e  44 t o  show the phase  lead  of a 

s ingle  I, a f f e r e n t   ( i t s   f i r i n g  rate displayed a nonintermittent  response). 

A model t o  describe  these data is  shown i n   f i g u r e  45. The dashed l i n e  

port ion  indicates  that the  spindle  senses  an  internal muscle length, X I ,  

( r a the r   t han   t he   t o t a l  muscle length) and dr ives  the muscle v i a  the r e f l ex  
pathway. Otherwise the muscle length  sensed  by the muscle spindle (shown 

dashed) would be d i rec t ly   d r iven  by the forcing  function,  thus  preventing a 

closed-loop  response  between  input  and the EMG (electromyograph).  (Note t h a t  

the EMG, r e l a t e d   t o  CfAf,, i s  act ivated  by the reflex  response from the muscle 

spindle.) We've assumed neg l ig ib l e   i ne r t i a   e f f ec t s .  

The equation  of  motion fo r   t he   i n t e rna l  muscle point, x1 , i s  found  by 

se t t ing   the   ne t   force  a t  x1 t o  zero 

Figure 45. Muscle/Spindle Model for  Reflex Response 
to   Sinusoidal   Posi t ion  Input  
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Noting t h a t   t h e  reflex loop gives 

and  eliminating x1 between  equations 28 and 29 gives  

where N(s) and D(s) a r e   t h e  numerator  and  denominator  of the  loop  gain  t ransfer  

function. Note tha t   for   l a rge   loop   ga in ,  CfKs,  one of  the  denominator  roots i s  

dr iven   in to   the   zero  a t  s = -1 /TK. Thus this   c losed-loop  pole  would cancel  the 

numerator  lead  term of equation 30; a s i tuat ion  that   cannot   explain any  of the  

da t a   i n   f i gu re  44. For low loop  gain, D(s) >> N ( s )  and N,/x exhib i t s  a lead 

plus two lags  and a t ime  delay which is  compatible  with  the  basic  features of 

the   da ta   in   f igure  44 f o r   a n   i n t a c t   r e f l e x  loop, i .e. ,  

ma . 
" - (s + %)e 1 -[T + aTK+ %/(Ke+ Km)] s 

X 

When the   re f lex   loop  i s  cut,  a l l  i n e r v a t i o n   t o   t h e  muscle i s  l o s t ,  which reduces 

the   s ize  of Km and B, (eq.  IO), thus  reducing  the  phase  lag  contribution  of  the 

denominator term ( K s +  K,+%S). Further ,   s ince  the  phase  looks  l ike a pure 

lead,  then  the  phase  lag due t o  aTK+ T must be small. However, one s e t  of 

parameters w i l l  not  explain a l l  of t he  figure 44 data .   This  i s  p a r t l y  due t o  

inferr ing  the  phase  shif t  from  experiments i n  which the  signal  excursions  of 

nonlinear  systems  are  not small r e l a t ive   t o   an   ope ra t ing   po in t .  

The phase  leads  of more than 90 deg are   in te res t ing .   Natura l ly   the  above 

model cannot   expla in   these   phase   l eads- i t ' s   in te res t ing   to   specula te  on 

possible  explanations.  It has  been  conjectured,  based on muscle t r ans i en t  

responses  (ref.  T O ) ,  t h a t   t h e  series e l a s t i c  component,  modeled by  the  spring, 
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r 
&, may a l s o  be para l le led   by  a damper, Be. I n   equa t ion  30, replacing Ke by 

(&+Bes)  yields  another  numerator  lead  term  (and some modification of a l a g  

term). This   could   eas i ly   account   for   the   addi t iona l   l ead   in   the   da ta  of 

f igu re  44 . 
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CIQSD-IXXIP NEUFtOMJSCULAR SYSTEM DYIUMICS 

I n  this sect ion we combine t h e  component models  (muscle actuation and 

spindle  feedback and actuation subsystems)  developed in  the  preceding  sec- 
t i o n   i n t o  a neuromuscular system model. This will be  used t o  describe  the 

t rends  in   the  overal l   input /output  human operator  data  discussed on pp. 63-75. 
O u r  closed-loop  neuromuscular system model features  spindle  feedback  of an 

in t e rna l  muscle length  ra ther  than l imb  posi t ion  direct ly .   In  the f irst  sub- 

section  following we develop a system  block  diagram  combining the  components 

already  discussed. T h i s  i s  followed  by a discussion  of   the  effects  o f  operating 

point  tension on the  low and high  frequency  phase  of  the  closed-loop  neuro- 

muscular  system for  spring-restrained  low-inertia  manipulators.  The t rends  are  

compatible with the  covariation  of low and high  frequency  phase  observed f o r  

t h e  whole human. Further   the  effects  of an ine r t i a   i nc rease  on the  high  fre- 

quency phase i s  described.  In the third  subsection  the  response  of  the model 

t o  a force  disturbance  input i s  examined,  and the  predicted  t rends  are   corre-  

l a t ed  w i t h  the observed data. The f i t  t o  these data i l l u s t r a t e s  a key feature  

of the  model-that  the  spindles  feed  back an i n t e r n a l  muscle length  ra ther  

than  l imb  posi t ion  direct ly .   In   the  f inal   subsect ion  the model i s  correlated 

with tremor  data.  This  interpretation  provides good evidence f o r  a closed- 

loop  explanation  of  tremor. Ln addition it provides  further  corroboration 

of the  spindle  feedback  properties  just   discussed. 

Neuromuscular  System Block Diagram 
f o r  Small  Perturbations 

A combination  block and schematic  diagram  of the muscle/spindle  system f o r  

small perturbations  about an operating  point i s  shown i n   f i g u r e  46. This 

combines the  spindle   character is t ic  w i t h  the  limb/manipulator  characteristics 

previously shown i n   f i g u r e  40. The i n t e r n a l   i n p u t s   t o   t h e  system are  command 

and b ias   aspec ts   o f   the   s ta t ic  and dynamic gama muscle spindle   f ibers  and the  

alpha motor  neuron commands; the external   input  i s  a force,  F, applied t o  the  

manipulator. A key fea ture  i s  the  spindle  feedback  of x1 (an   in te rna l  muscle 

length)  rather  than x t he  limb length.  

It i s  t o  be  distinctly  understood that  t h e  schematic  represents  perturbation 

operations  about  steady-state  operating  points.  Consequently, a l l  the  s ignals  
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Figure 46 . Combination  Block and Schematic  Diagram 
for the Muscle/Manipulator/Muscle Spindle System 



indicated can be e i t h e r   p o s i t i v e  o r  negative, and the  agonist/antagonist  

r e l a t ionsh ips   a r e  subsumed i n   t h e  composite  schematic. 

The single-loop  feedback  system which corresponds t o   t h e  neuromuscular 

system jus t   descr ibed  i s  shown i n   f i g u r e  47. Again, this i s  a per turbat ion 

diagram; a block  diagram  of  an  agonist/antagonist  operation  with  absolute 

l eve l   s igna l s  can  be  constructed by  simply dupl ica t ing   the  diagram, then 

connecting  the two back t o  back wi th  t h e  l imb  posit ion,  x, being  the sum of 

the  two outputs .  

The spindle ensemble  provides  four  functions i n  one e n t i t y :  (a )  the  feed-  

back  of a limb pos i t ion ;   (b)  some lead/ lag  ser ies   equal izat ion;   (c)   the   source 

of one cormnand t o   t h e  system;  and (d )  a means for   adjustment   of   the   bias  or 
spindle   equal izat ion.  Those s t eady- s t a t e   s t a t i c ,  Ys, and dynamic yd s igna ls  

which effect   the   spindle   adjustments  are lumped here as a general  gamma b i a s  

signal, yb. The sp ind le   ou tpu t   d i f f e ren t i a l   f i r i ng   r a t e  i s  summed with an 
alpha motor  neuron command, with the   resu l t ,   a r te r   conduct ion  and synaptic 

delays,  being an incremental   alpha  motor  neuron  f ir ing  rate,  Ma. This i n   t u n  

perturbs  the  muscles and  manipulator,   giving  r ise  to limb ro ta t ion ,  which i s  

sensed 'by the  spindle  ensemble. The y motor  neuron command, Ye,  i s  shown with 

a time  delay, TY,  before it becomes t h e  y input   to   the   c losed   loop .  This delay 

i s  the   re la t ive   t ime  d i f fe rpnce  between a and Y transmigsion from a common high 

center   (e .g . ,  a v i s u a l   i n p u t ) .  

A s  discussed  in   the  preceding  sect ion,   the   effect ive damping of t he  limb/ 

manipulator dynamics t ransfer   func t ion  i s  set   by  the  operating  point  muscle 

tension, Po, which i s  due to   the   s teady-s ta te   a lpha  motor  neuron f i r i n g   r a t e ,  

f o .  This i s  ind ica t ed   i n   f i gu re  47 by a t o t a l  gamma b ia s ,  Yo, shown enter ing 

t h e  GM block. The notat ion,  Yo, i s  based on the  assumption  that   the   a lpha 

motor  neuron command i s  not  involved i n  random input   t racking.  The bias can 

derive from e i ther   o f   the   s teady-s ta te   va lues  a. or yco, or both, from which 

t h e  yb and yc motor  neuron signals shown here  represent   per turbat ions.  

The equations  of  motion  for  the  elements  involved  in  the  closed-loop system 

a r e  : 
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where 

MCf(S2 KF M K, 

A x1 = A Af,+-F 

K, W 

where A i n  i t s  most complete  form i s  given by equation 14. Combining equations 32 
and 34, the  closed-loop  response  for x1 becomes 

where G, = NJD,, % = %/A and the  closed-loop  characterist ic  function, A' , i s  

The limb  output x i s  found  by inserting  the  closed-loop  expression for x1 i n t o  

equation 33. 

The severa l   cases   to   be   d i scussed   in   the   sequel   d i f fe r   p r imar i ly   in   the  

d e t a i l s  of t h e  muscle and manipulator dy-namics block. 
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Spring-Restrained mw-Inertia Manipulator, 
Random Input  Tracking 

AS discussed on page 83, the muscle  model's series e l a s t i c  component, G, is 

qu i t e   l a rge   r e l a t ive   t o  K;n and %. We s h a l l  assume t h a t  it i s  a l so  much l a rge r  

than KF or M. Thus with Ke --)cQ' then  equation 35 f o r  the  closed-loop  limb 

response t o  TC becomes ( i n  t h e  absence  of  any force  disturbance or a, input) ,  

Cf Gse-Tas 7 

(Ms2 + SS + Km + KF) + CfGse "Cas 
x =  x1 = (37) 

In   f igure  41 we considered  the  effects o f  operating  point  tension changes on 

the  limb/manipulator  open-loop roots .  Here we s h a l l  examine t h e  consequences 

of  operating  point  tension  changes on the  closed-loop  roots. 

A representation of the  open-  and closed-loop dynamics of t h e  neuromuscular 

system i s  ind ica ted   in  figure 48 via a block  diagram,  root  locus and Bode p l o t .  

The open-loop poles and zeros   a re   s ta r t ing  and  end points  on a conventional 

root  locus;  these  correspond  to  breakpoints  of  the  asymptotic Bode p l o t s   f o r  

t h e  open-loop  amplitude r a t i o  /x/( 7 -x) I , i .e . ,   the  low frequency  muscle/ 

manipulator  root, 1 /ml , the  spindle  lead, I/TK, the  high  frequency muscle 

root ,  1 /%*, and the  spindle  lag,  1 /aTK. (Note t h a t   t h e  small pure  time  delay 

within  the loop, T ~ ,  i s  neglected  since i t s  e f f ec t s   a r e  minor a t  the  frequencies 

of i n t e re s t   he re . )  For a par t icu lar   t ens ion   leve l   these   p lo ts  show that as 

gain i s  increased,  the low frequency  muscle/manipulator  root  approaches  the 

lead  zero of the  spindle,   while  the  high fYequency muscle root and the  spindle  

l a g  approach one another,  rendezvous, and break  into a second-order pa i r .  For 

a par t icular   loop  gain,   e .g . ,   that  shown by the  zero-dl3 l ine,   the  closed-loop 

asymptotic  plot  of Ix/yI i s  indicated by t h e  dashed  asymptotes. The real-axis  

closed-loop  poles are, of course,  given  by  the  intersection  of  the zero-dB l i n e  

and t h e  Siggy  diagrams ( r e f s .  94 and g ? ) ,  while the  closed-loop  zero i s  t h e  

same as t h e  open-loop, i .e. ,  I/%. On t h e  approximate  closed-loop  phase  curve, 

the low frequency phase lag i s  due t o   t h e  low frequency  closed-loop lag/lead, 
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whereas the  high  frequency  phase  lag i s  a lower  frequency view of t h e  two high 

frequency  closed-loop  lags. The phases reflect, of  course, t h e  u and Te approxi- 

mations  described on pages 64 and 65. 

Consider, now, the   e f fec t   o f  an operating  point  tension  increase on t h e  

neuromuscular  system  dynamics. Presume t h a t   t h e  upper p lo t  i s  typ ica l  of a low 

tension  condition. Now, change the  s teady-state   tension;   then  the open-loop 

amplitude r a t i o  will change t o  that i n  the bottom plot  labeled  "high  tension." 

On these,   the  low frequency  muscle  root i s  decreased w h i l e  the  high  frequency 

root i s  increased, as i n  figure k 8 .  For simplicity,  assume f o r  now t h a t   t h e  

spindle  lead and lag are  unmodified  by the  s teady-state   tension change. Then, 

even with  the  mid-frequency  gain unchanged, the  closed-loop dynamics a re  modi- 

f ied   s ign i f icant ly .  The closed-loop low frequency  lag/lead i s  more widely 

spaced  than f o r   t h e  low tension  case,   g iving  r ise   to  a la rger  low frequency 

phase  lag, as seen from mid-frequencies; and the  high  frequency  lag i s  sub- 

s tant ia l ly   reduced.  The net   effect   of   the   tension  increase i s  t o  shif t  t he  

phase  umbrella t o   t h e   r i g h t ,  a r e su l t  which i s  consistent w i t h  t h e   d a t a   i n  

f igures  29 and 3 0 .  These e f f ec t s   a r e  even more pronounced i f  the  spindle  gain 

i s  increased by the  gamma b ia s   su f f i c i en t ly   t o   i nc rease   t he  mid-frequency gain.  

This   resul t  i s  also  consis tent   with  the  data   in   f igures  32,   33,  and 34, which 

describe  high  frequency  phase  effects  as a function  of  tension. Thus we have 

demonstrated t h a t   t h i s  extremely  simple  neuromuscular  system model described 

i n  our block diagram i s  qua l i t a t ive ly  compatible  with  the u-'te covariation 

data  and the  Te-tension  data summarized on pages 64-66. 

The general  trend  of  increased  manipulator  inertia  causing an increased 

effective  t ime  delay i s  also  supported by th i s  system. T h i s  i s  easy t o  see 

by  imagining t h e   j o i n t   s h i f t  of I/%, and I/% on f i w e  48 from a reference 

condition. The jo in t   sh i f t   cor responds   to  a net  change i n  manipulator  inertia, 

with  an  increase  causing a jo in t  shift t o   t h e   l e f t .  The resu l t   in   the   c losed-  

loop  system i s  an increased  effective  time  delay, 'te. 

2 

Large-Inertia,  No-Bgrlng  Manipulator, Pome Distribution  Input 

In   th i s   sec t ion   the   force   d i s turbance   da ta   ( f igs .  32 and 33)  sha l l   be  

explained.  This i s  especially  important  to illustrate a key  feature  of  the 

spindle  feedback. For this situation  equation 35 applies  with ac and Yc = 0. 

103 



Also, for the da ta  i n  figure 32 KF = 0 .  The subject ' s t a s k  was merely t o  se t  

muscle tone and l e t  t he   t r ans i en t  run i t s  course. For this s i tua t ion   t he  limb 
position  response t o  a force  disturbance  inpat becomec on inserting  equation 35 
into  equation 33 and us ing   t he   i den t i ty  A+K$ = NM( +& +Ke)  

F A + CfGs(Ms 2 + Ke)e "Cas 

where Gs i s  as shown i n   f i g u r e  47, i .e. ,  

and the  appropriate  limb/manipulator dynamic character is t ic   funct ion i s  

Both t h e  numerator and denominator 

functions of the  gain  parameter CfKs .  

of the  closed-loop  function x/F are 

The j o i n t  movement of t he  numerator 

and denominator s ingu la r i t i e s  as a function  of this loop  gain ( C f K S )  can  be 

demonstrated  by t rea t ing   bo th   the  numerator and the  denominator as loop 

closures.  Then both  closed-loop  poles and closed-loop  zeros w i l l  move as 

loop gain i s  changed. Root locus  sketches  of the denominator and numerator 

c losures   are   given  in   f igure 49a and f igure 49b, respect ively.  These two 

closures have common real-axis   poles  and time  delay  terms. Only the  denominator 

w i l l  have quadrat ic   roots  (a t  high  frequency). The closed-loop low frequency 

real root w i l l  be  approximately the  same i n  both  closures. Thus the  closed- 

loop  system  describing  function x/F i s  dominated  by a second-order mode which 

has an undamped natural  frequency which i s  a function of the  loop  gain  (oper- 

ating  point  tension  dependent) as well   as  the  external  mechanical element 

( i n e r t i a ) .  This describes  the  reference 77 r e s u l t s   i n   f i g u r e  33. However t h e  

degree  of  pole/zero  cancellation w i l l  be  affected by the  proximity  of  the 

quadratic terms. Some of the different  responses  are shown i n   f i g u r e  32. I n  
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figure 32b the response seems t o  contain some of the f i rs t -order   pole ,  whereas 

i n   f i g u r e  32a the  response i s  near ly  a pure  second-order  transient. 

Now examine the consequences  of  assuming tha t   t he   sp ind le s  feedback x instead 

of x1 ( f i g .  46 ) . Carrying t h i s  through  the  equations  reveals  that   the numerator 

of  equation 38 w i l l  not  contain CfGs; hence the  pole-zero  near  cancellation 

w i l l  not  take  place.  Thus the  t ransient   response w i l l  be th i rd   o rde r .  The r e a l  

root w i l l  be more evident  at   the  higher  tensions  since this increases  loop  gain 

and dr ives   the l / T i  r o o t   t o  lower  frequency away from the  numerator  zero. This 

t rend i s  just   the   opposi te   of  that  i n  figure 32b which becomes  more l i ke  a 

second-order  system at  higher  tensions. 

Tremor 

A number of theor ies  have  been  advanced t o  account for   t remor  osci l la t ions,  

among them they   a r i s e  from: ( 1  ) per iodica l ly   f luc tua t ing   ac t iv i ty   in   supra-  

spinal  centers;  (2)  spinal  neuronal  rhythmicity; (3) resonance  of t he  moving 

p a r t s  of  the  limbs; ( 4 )  o sc i l l a t ions   a r i s ing  from the  s t re tch-ref lex  loop 

i t s e l f .  

A t  present,  the  evidence  very much favors   the last  hypothesis,  since ( 1 )  i n  

tabet ic   pat ients* with loss of dorsa l   roo t   f ibers  the tremor  frequency (8- 10 Hz) 

peak i s  absent; ( 2 )  there  does  not seem t o  be any corre la t ion  of EEG a c t i v i t y  

(alpha rhythm) with  limb  tremor; (3) tremor seems t o  disappear  with  section of 

the  dorsal   roots ;  ( 4 )  there  i s  no evidence  of inherent  rhythmicity of spinal  

alpha or gamma motor  neurons i n   t h e  absence  of  sensory  input.  Also,  tremor 

occurs  primarily  under  conditions where f ine   cont ro l  of posi t ion i s  involved, 

and t h a t  much l e s s  tremor i s  produced  under res t   condi t ions or when a gross, 

rapid  ("bal l is t ic") .   type of  movement i s  executed.  This  also  tends t o  support 

the  stretch-reflex  (closed-loop)  explanation. 

The "tremor  peak" i n   t h e  frequency  spectrum i s  sa id  by some ( e  .g., r e f .  64) 
t o  be i n d i f f e r e n t   t o  changes in   the   load ,   bu t   the  data o f  references 80, 81, and 

102 ( f i g s .  35 and 36) clear ly   contradict  this,  and in   addi t ion   ind ica te   tha t   the  

*Patients  suffering f rom advanced stages  of  syphilis  who show extreme loss 
of  large  sensory  afferents,   specifically  spindle 1, f i b e r s  ( loss o f  t h e   s t r e t c h  
ref lex)  and joint   receptors  ( loss  of proprioceptive  cues).  
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peak  frequency is  dependent on t h e  mean tension  generated,   spring  rate,  and 

iner t ia .  An excel lent  example of  tremor  while  tracking  (involving  fine  control 

of  posit ion) i s  provided  by some unpublished  data  taken  during  experiments 

reported i n  reference 91. This w a s  a multiloop  task i n  which t h e   p i l o t ' s   f e e t  

were controlling  rudder  pedals and h i s  hand was control l ing a spring-restrained 

s ide   s t ick .  One of the  subjects  used a high  tension  technique,  i .e.,   tensed 

both  legs   against   the   pedals  and performed the  rudder   task  with  different ia l  

force changes.  Simultaneously, his hand tracking  displayed an in te rmi t ten t  

tremor  of 8 Hz, which was l a rges t  at t h e  extreme stick  excursions (which 

requi res   the   l a rges t   t ens ions) .  

The da ta   c i t ed  above ind ica t e   t ha t  any neuromuscular  system model must be 

compatible  with  ambient  noise  excitation of an almost  neutrally  stable mode 

near 7- 11  Hz which var ies   with  spr ing  ra te  and tension.  Figure 49a depicts  a 

l i k e l y  tremor source,  i.e.,  the  closed-loop mode determined  by the  locus  branch 

proceeding t o   t h e   z e r o  at w = a. Increases   in   iner t ia  w i l l  decrease  the 

frequency  of t h i s  mode, whereas increases i n  tension, by increasing  loop  gain, 

w i l l  d r ive   the   roo ts   c loser   to   the   zeros  on the  jw-axis. Both o f  these  t rends 

are  compatible  with  the  figure 36 data .  

The above explanation  also  applies t o  the   f igure  35 data  which used a spring 

r e s t r a in t   bu t  now the  zeros  are  located at (u = d m G  (see  eqs.  32 and 36 
f o r  NM). Now increases   in  KF lead  to   higher  tremor frequencies,  whereas  tension 

increases  (by  increasing loop ga in)   d r ive   the  mode into  the  zeros .  The f l a t t en ing  

o f  the  curves i n  f igure  35 indicates   that   the   root   is   a l ready  near  a limit. 

Attempting t o  put   the above explanation on a quant i ta t ive   bas i s  by estimating 

the   i ne r t i a   i nvo lved   i n   t he   f i gu re  35 data (see  page 73 for   the  limb motion), 

using  reasonable  values  of K, and then  calculating  the  effect   of KF yie lds  

predicted w values  of  between 7 and 14 Hz. These are  "infinite  gain"  tremor 

frequencies, as compared t o   t h e   a c t u a l  tremor  frequency  range from 7 t o  11 Hz 

given i n   f i g u r e  35.  The difference between the  infinite  gain  tremor  frequency 

and the   ac tua l  i s  explained  by  the  sketch i n  f igure  50 which shows the  loop 

dynamics pe r t inen t   t o   f i gu re  35.  Note t h a t   t h e   e f f e c t  of t h e  t i m e  delay, 'ta, 
i s  t o  make the   ins tab i l i ty   f requency   less   than   tha t  of  zero. The spread between 

the  zero and the   ins tab i l i ty   f requency  i s  l i k e l y  to be   g rea t e r   fo r   t he   s t i f f e r  

spring rates since this ra i ses   the   zero  and the  pole  to  higher  frequency where 
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Figure 5 0 .  Root Locus Sketch for Characteristic  Equation 
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the  loop  time  delay  (eq. 3 6 )  has more effect .  A t  higher  frequencies  the  time 

delay  causes  the root  locus  departure from the  pole t o  occur a t  a lower angle, 
i . e .  , it tends t o  proceed more d i r ec t ly   t o   t he  jco-axis. Thus increases  in 

spring  rate  yield an ins tab i l i ty  frequency that  i s  less   than  the frequency of 

the zero, and th i s  difference  increases at the  higher  frequencies. 

A time  delay on the  order  of 25 ms i s  compatible with  nerve  conduction 

time from periphery to   sp ina l  cord t o  periphery  (refs. 92 and 93). Such a 

value would contribute 90 deg phase sh i f t  a t  10 Hz leaving 90 deg t o  be con- 

tr ibuted by the  other  loop dynamics t o  produce the 180 deg ins tab i l i ty   f re -  

quency. The loop  gain  f'unction CfC&Gs can  be  compatible with phase shifts of 

90 deg near 10 Hz.* Thus the tremor data i s  compatible with ambient noise 

excitation of a closed-loop neuromuscular system mode. 

*For the  special  case of an isometric  manipulator (KF --a), the  quadratic 
poles and zeros  tend t o  infinity,  leaving only the  two real   poles and a zero. 
If the frequency  of these  singularities i s  smaller  than 10 Hz , then  they would 
contribute  approximately 90 deg phase l a g   a t  10 Hz. 
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CONCLUSIONS 

The da ta  and ana lys i s   p resented   in   th i s   repor t   ind ica te   tha t   s imple   quas i -  

l i n e a r  models  can describe the small perturbation  behavior  of  the  neuromuscular 

system components (muscles  and  muscle  spindles).  Further,  the  closed-loop 

behavior  of  ensembles  of  these components i s  compatible  with  input/output  data 

f o r   t h e  whole human i n   t r a c k i n g   s i t u a t i o n s .  

The more specif ic   conclusions  are:  

Component ensembles.-Our quasi- l inear  models  provide a useful   descr ipt ion 

of  an enormous amount of component physiological  data. !They desc r ibe   i n   de t a i l  

t h e  dynamics of an  extremely  important  subsystem  revealing  an  adaptive  actuator 
o f   ex t r ao rd ina ry   f l ex ib i l i t y .  

0 The musc le ' s   t ransfer   charac te r i s t ics   a re   descr ibed  by 
a third-order  system whose roo t s   a r e  an  adaptive  flmction 
of  the  operating  point  tension  (which  depends on muscle 
length and  average  motor  nerve f i r i n g   r a t e ) .  

0 The muscle spindle ensemble provides   four   funct ions  in  
one e n t i t y :  ( a )  feedback  of an i n t e r n a l  muscle length,  
(b )  lead/ lag  ser ies   equal izat ion,  ( c )  the  source of one 
command i n p u t   t o   t h e  neuromuscular  system, and (d )  a b i a s  
s igna l  which  determines the  average  motor  nerve  firing 
r a t e   t o  the muscle  actuation  system. 

System behavior. -The system  behavior  of  the  neuromuscular  system model i s  

consistei;t  with data f o r  a variety  of  manipulator and forcing  f 'unctions. 

0 For a spring-restrained  low-inertia  manipulator  the 
th i rd-order  muscle  system i s  closely  approximated  by 
a second-order  system. An i n c r e a s e   i n   t h e  bias s ignal  
t o   t h e  muscle  causes  adaptive  changes i n   t h e  low and 
high  frequency  phase  of  the  closed-loop  neuromuscular 
system that are  consistent  with  observed  phase  changes 
of   the   p i lo t ' s   overa l l   descr ib ing   func t ion .  

0 Changes i n   t h e   t r a n s i e n t   r e s p o n s e   t o  a torque  impulse 
input as a function  of  muscle  tension  ( large  inertia,  
no-spring  manipulator)  support  the  models  muscle  spindle 
feedback  of  an i n t e r n a l  muscle length.  The e f f ec t  of 
t h i s  feedback i s  t o  produce a closed-loop  numerator  zero 
which  approximately  cancels a denominator  root  since  both 
are   inf luenced by operating  point  tension. The resu l t ing  
dominant  second  system  response  closely  describes  the 
torque  disturbance data. 
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Variations  in muscle tremor frequency for various 
spring,  inertia, and average muscle tension  values 
support  a  closed-loop neuromuscular  system model. The 
trends and limits of the tremor  data  provide m h e r  
evidence of  spindle feedback of an internal  muscle 
length. The ser ies   e las t ic  element  coupled with 
limb/manipulator iner t ias  produces  zeros which con- 
strain  the  closed-loop  characteristic  equation  roots 
and provide an upper l imit  f o r  tremor frequency. 
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